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Development of a  p r e s s u r e  t r ansduce r  f o r  use  i n  l i q u i d  
meta l  flow loops  poses  many des ign  problems demandina t h e  best 
from a v a i l a b l e  m a t e r i a l s .  This  r e p o r t  covers  t h e  development 
of a  p r e s s u r e  t r a n s d u c e r  p rov id ing  a c c u r a t e  measurements in 
t h e  l i q u i d ,  vapor ,  and two-phase s t reams of  a  ~ o t a s s i u m  loop 
o p e r a t i n g  a t  t empera tures  up t o  1800°F. I n  a d d i t i o n  t o  potas- 
sium, t h e  t r a n s d u c e r  may a l s o  f i n d  use  i n  loops  con ta in ing  
sodium, l i t h i u m ,  cesium o r  rubidium. The t r a n s d u c e r  u s e s  a 
thermionic  diode senso r  t o  conver t  t h e  motion of  a  p r e s s u r e -  
ac tua t ed  r e f r a c t o r y  a l l o y  c a ~ s u l e  i n t o  a  s u i t a b l e  e l e c t r i c a l  
ou tpu t .  
The objective of this proqram was to develop pressure traas- 
ducers which can be used in advanced Rankine cvcle space systems 
using liquid metals as working and heat transfer media at ele- 
vated temperatures. The specific application involves measure- 
ments in a potassium  loo^ operatina at temperatures up to 1800°F, 
Both absolute and differential transducers were developed,for 
.full scale ranges of 80 psia and + 5 psid respectively. 
- 
The desiqn approach uses the displacement of a refraetsry- 
alloy diaphraqm member by the liquid metal pressure. The displace- 
ment is then monitored by a thermionic diode sensor whose output 
indicates the pressure. The main problem areas included the h iqh-  
temperature diaphraqm deflection characteristics, diaphragm 
compatibility with liquid metals, and the accuracy, sensitivity 
and lifetime of the themionic diode sensor. The transducer 
was developed for use as either ground or flight hardware for 
measuring absolute and differential pressures. The absolute 
pressure instrument was developed for a full scale ranlqe sf 80 
psia and the differential instrument for +Spsid. 
- 
Extensive testinq conducted on both the material require- 
ments and the o~eratinq characteristics of the transducer in- 
dicate potassium - compatibility, mechanical inteqritv and trans- 
ducer lifetime of more than 2000 hours. With some further work 
to minimize the effect of changes in o~eratins temperature, a 
viable transducer design appears to be at hand. 
2 , O  INTRODUCTION 
A great deal oF present work on power qeneration and energy 
conversion involves ePosed cycle power svstems using Piauid metals 
as working and heat transfer media at elevated temperatures. 
Since small pressure chanaes could indicate the onset of in- 
stability, there exists a need for instrumentation that can follow 
and monitor both average and perturbed pressure conditions in 
t h e  liquid, vapor and two-phase streams. Envisioned use of these 
power systems for space applications imposes the additional re- 
quirements of liqht weiqht and long-term unattended operation. 
At present, pressure measurement techniques include the slack- 
diaphragm and the differential transformer transducers. The 
slack-diaphragm uses a room-temperature pressure pick-up that re- 
sults in qood accuracy but is severely limited in frequency 
response due to the lonq line between the test system and the 
pick-up* The differential transformer may be used with very short 
connectinq tubing, resulting in reasonable frequency response, 
but is restricted to operation at temperatures under 900°F be- 
cause of temperature limitations on the transformer. An obvious 
need exists for a pressure transducer capkble of achieving com- 
sxned requirements of accuracy, frequency response and ambient 
temperature. 
This report covers the development of such a pressure trans- 
ducer capable of providinq accurate measurements in a potassim 
losp opera k i n q  at temperatures up to 1800OP, In addition to pot- 
assium, the transducer may also find use in loops containing sodiumD 
l i t h i u m ,  cesium o r  rubidium. The t r a n s d u c e r  d e s i g n  i s  based 
on a  r e f r a c t o r y - a l l o y  member which i s  d i s ~ l a c e d  by t h e  liquid 
m e t a l  p r e s s u r e .  The d i s p l a c e m e n t  i s  c o n v e r t e d  i n t o  an eLee- 
t r i c a l  s i g n a l  by a  t h e r m i o n i c  d i o d e  s e n s o r  o p e r a t i n g  i n  t h e  
space-charge  l i m i t e d  mode. This work was performed over the 
p e r i o d  from F r e b r u a r y  1964 t o  A p r i l  1969. 
3 - 0  Tramsclucer Desian Concept 
The o b j e c t i v e  o f  t h i s  proqram was t o  deve lop  p r e s s u r e  t r a n s -  
ducers which c o u l d  be used i n  advanced Rankine c y c l e  space  power 
systems u s i n g  l i q u i d  m e t a l s  a s  working and h e a t  t r a n s f e r  media 
a t  elevated t e m p e r a t u r e s .  The c o n c e p t u a l  approach t o  t h e  problem 
used t h e  di .splacement  o f  a  diaphragm member by t h e  l i q u i d  m e t a l  
pressure and t h e  subsequen t  t r a n s d u c t i o n  o f  t h i s  d i sp lacement  
i n t o  a s u i t a b l e  o u t p u t  s i g n a l .  Two p o s s i b l e  t r a n s d u c e r  sys tems 
were ana lyzed .  One sys tem i s  based upon t h e  o p e r a t i o n  o f  a  space- 
charqe l i m i t e d  t h e r m i o n i c  d i o d e  u s i n g  t h e  d i a ~ h r a q m  a s  a n  e l e c t r o n  
collector. The o t h e r  u s e s  t h e  diaphragm a s  a  conduc t inq  s u r f a c e  
whose d i s t a n c e  from a  pancake-type c o i l  d e t e r m i n e s  t h e  i n d u c t a n c e  
of t h e  c o i l  ( v a r i a b l e  impedance a p p r o a c h ) .  The c r i t e r i a  used f o r  
e v a l u a t i o n  of t h e  two t r a n s d u c t i o n  svs tems  invo lved  s i g n a l  l e v e l  
and d e f l e c t i o n  range .  The d e f l e c t i o n  shou ld  be  a s  s m a l l  a s  p o s s i b l e ,  
c o n s i s t e n t  w i t h  u s a b l e  o u t p u t , t o  minimize t h e  stress l e v e l s  i n  
t h e  diaphragm. Our i n i t i a l  tes ts  i n d i c a t e d  t h a t  under  t h e s e  
c o n d i t i o n s  t h e  v a r i a b l e  impedance approach c o u l d  n o t  match t h e  
o u t ~ w t  performance o f  t h e  t h e r m i o n i c  d i o d e  s e n s o r .  I n  a d d i t i o n ,  
t h e  v a r i a b l e  impedance d e v i c e  i s  a  h i q h  f requencv  system w i t h  t h e  
attendant t r a n s m i s s i o n  l i n e  c o n s i d e r a t i o n s  a s  opposed. t o  t h e '  
relatively s t r a i g h t  forward low-vol tage  d c  t h e r m i o n i c  system. 
For these r e a s o n s ,  t h e  t h e r m i o n i c  d i o d e  s e n s o r  was chosen f o r  t h e  
transducer d e s i g n .  Our work on t h e  v a r i a b l e  impedance approach 
i s  outlined i n  Appendix A. The t h e r m i o n i c  d i o d e  approach i s  
expanded i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h e  r e n o r t .  
3.1  Thermionic Diode Sensor 
The use  of  a  high-vacuum thermionic  diode a s  a  p re s su re  
s ens ing  element i s  based on dev ice  ope ra t ion  i n  t h e  space- 
charge l i m i t e d  mode, where t h e  c u r r e n t  flowing between t h e  emitter 
and c o l l e c t o r  i s  dependent upon t h e  d i s t a n c e  between the e l e e -  
t r o d e s .  I f  one o f  t h e  e l e c t r o d e s  (such a s  t h e  c o l l e c t o r )  i s  
moved a s  a  func t ion  of p r e s s u r e ,  t h e  c u r r e n t  i s  a l s o  a f u n c t i o n  
o f  p re s su re .  Now, i f  a l l  o t h e r  f a c t o r s  i n f luenc ing  t h e  diode 
c u r r e n t  can be c o n t r o l l e d ,  an a c c u r a t e  h igh  temperature  p re s su re  
t r ansduce r  can be cons t ruc t ed .  
3.1.1 Space Charge Operat ion 
The space charge e f f e c t  denotes  t h e  r e ~ u l s i v e  f o r c e  a c t i n q  
on emi t t ed  e l e c t r o n s  due t o  an e l e c t r o n  c loud i n  t h e  i n t e r e l e c -  
t r o d e  space.  I f  an emitter i s  heated and a  p o s i t i v e  voltage 
i s  app l i ed  t o  t h e  c o l l e c t o r ,  t h e  emi t t ed  e l e c t r o n s  w i l l  move 
from e m i t t e r  t o  c o l l e c t o r  wi th  a  f i n i t e  i n c r e a s i n g  v e l o c i t y .  
A s  t h e  temperature  of t h e  e m i t t e r  (and t h e  a s s o c i a t e d  electron 
emiss ion)  i s  inc reased ,  t h e  number of  e l e c t r o n s  i n  t h e  i n t e r -  
e l e c t r o d e  space w i l l  i nc rease .  This i n c r e a s e  w i l l  con t inue  
up t o  a  p o i n t  determined by t h e  e m i t t e r - c o l l e c t o r  v o l t a q e ,  Row- 
e v e r ,  a s  t h e  temperature  i s  f u r t h e r  i nc reased ,  t h e  r e p u l s i v e  
f o r c e  due t o  t h e  i n t e r e l e c t r o d e  e l e c t r o n s  w i l l  ba lance t h e  attrac- 
t i v e  f o r c e  of  t h e  c o l l e c t o r  vo l t aqe  af t h e  e m i t t e r  s u r f a c e .  
Any f u r t h e r  temperature  i n c r e a s e  w i l l  r e s u l t  i n  t h e  r e p u l s i v e  
f o r c e  becorning q r e a t e r  t han  t h e  a t t r a c t i v e  f o r c e  and t h e  additional 
emi t ted  e l e c t r o n s  w i l l  r e t u r n  t o  t h e  e m i t t e r  su r f ace .  The emitcer- 
collector c u r r e n t  t h e r e f o r e  reaches  a  l i m i t  f o r  a  q iven  c o l l e c t o r  
val taqe an113 w i l l  show very  l i t t l e  f u r t h e r  i n c r e a s e  a s  e m i t t e r  
temperature exceeds t h i s  c r i t i c a l  va lue .  Fiqure  1 p r e s e n t s  t h e  
electron p o t e n t i a l  enerqy diaqrams r e l a t e d  t o  t h e  above s t a t e -  
ments, The svmbols used i n  Fiqure  1 a r e :  
FLc: C o l l e c t o r  Fermi l e v e l  energy 
FL,: Emit te r  Fermi l e v e l  energv 
V: Voltage app l i ed  t o  t h e  c o l l e c t o r  
Vc: E f f e c t i v e  e m i t t e r - c o l l e c t o r  p o t e n t i a l  d i f f e r e n c e  
V,: P o t e n t i a l  due t o  space charge e f f e c t  
4 :  ' C o l l e c t o r  work f u n c t i o n  
de: Emit te r  work func t ion  
d: Emi t t e r - co l l ec to r  d i s t a n c e  
x,: C o l l e c t o r  t o  maximum space charqe d i s t a n c e  
x,: Emit te r  t o  maximum space charqe d i s t a n c e  
Curves A ,  B, C ,  d e ~ i c t  s i t u a t i o n s  f o r  i n c r e a s i n g  temperature  
a t  constant vo l t age .  Curve A i s  f o r  low temperature  (emission 
limited). The p o t e n t i a l  q r a d i e n t  i s  c o n s t a n t  from e m i t t e r  t o  
collector. When t h e  temperature  i s  r a i s e d  t o  t h e  c r i t i c a l  va lue  
mentioned above, Curve B i s  ob ta ined .  For t h i s  cond i t i on  t h e  
potential q r a d i e n t  i s  zero  a t  t h e  e m i t t e r  s u r f a c e .  A f u r t h e r  
increase i n  temperature  r e s u l t s  i n  Curve C ,  where t h e  space charqe 
creates a v i r t u a l  e m i t t e r  a t  d i s t a n c e  xe from t h e  a c t u a l  e m i t t e r  
surface, I n  d i s t a n c e  X e f  t h e r e  e x i s t  c u r r e n t s  f lowinq i n  both  
directions between t h e  e m i t t e r  and t h e  maximum sDace charqe 
potential plane .  I n  xc, c u r r e n t  f lows only towards t h e  c o l l e c t o r .  
Therefore ,  Vc becomes t h e  e f f e c t i v e  diode w o t e n t i a l  d i f f e r e n c e ,  
This  assumes t h a t  t h e r e  w i l l  be no e l e c t r o n  r e f l e c t i o n  o f f  t h e  
c o l l e c t o r  s u r f a c e  and t h a t  t h e  c o l l e c t o r - e m i t t e r  e l e c t r o n  cur -  
r e n t  i s  n e g l i g i b l e .  
Thermal energy due t o  t h e  e m i t t e r  temperature  w i l l  raise 
e l e c t r o n s  over  t h e  p o t e n t i a l  b a r r i e r  composed o f  t h e  e m i t t e r  work 
func t ion  de and t h e  space charqe p o t e n t i a l  Ve. They a re  t h e n  
a t t r a c t e d  t o  t h e  c o l l e c t o r  s u r f a c e  by p o t e n t i a l  Vc. Any k i n e t i c  
energy gained by t h e  e l e c t r o n s  i s  d i s s i p a t e d  a s  h e a t  when t h e  
e l e c t r o n s  reach t h e  c o l l e c t o r .  Upon e n t e r i n g  t h e  c o l l e c t o r ,  
t h e  e l e c t r o n s  l o s e  p o t e n t i a l  $c and f a l l  t o  t h e  c o l l e c t o r  F e m i  
l e v e l  from which p o i n t  t hey  a r e  r a i s e d ,  by t h e  app l i ed  vo l t age  
V, t o  t h e  e m i t t e r  Fermi l e v e l .  The c y c l e  then  r e p e a t s  i t s e l f .  
Theory and experiment have r e s u l t e d  i n  t h e  formula t ion  of 
two b a s i c  equa t ions  t o  determine t h e  d iode  c u r r e n t  d e n s i t y ,  These 
a r e  t h e  Langmuir-Child r e l a t i o n  f o r  ope ra t ion  i n  t h e  space charqe 
l i m i t e d  mode ( s e e  Curve C o f  F igure  1) 
1 = 2.34 X vc3/:! amps/unit a r ea  
_1 
and t h e  Richardson-Dushman r e l a t i o n  f o r  t h e  emission c a p a b i l i t y  
of a  s u r f a c e  (emiss ion l i m i t e d  c o n d i t i o n ) .  
I, = 1 2 0 ~ ~  exw - amps/unit a r e a  
where T i s  t h e  e m i t t e r  temperature  ( O K ) ,  e  i s  t h e  e l ec . t ron ie  
charge (1.60 X 10-19  coulomb) and K i s  t h e  Boltzrnann cons t an t  
(1.38 X joule/OK) . Equation 2 r e ~ r e s e n t s  t h e  diode current 
d e n s i t y  for e m i t t e r  t e m p e r a t u r e  UD t o  t h e  c r i t i c a l  t e m p e r a t u r e  
resulting i n  Curve B of  F i q u r e  1. S i n c e  t h i s  n o i n t  i s  an  import-  
a n t  d i o d e  c o n d i t i o n  s e p a r a t i n q  t h e  e m i s s i o n  l i m i t e d  and space  
charge l i m i t e d  r e g i o n s ,  t h e  c y l t i c a l  c u r r e n t  w i l l  be  deno ted  a s  
I, = 1 2 0 ~ : .  exa  (-e@e) amos/unit  , a rea  
KTc 
A s  t h e  t e r n ~ e r a t u r e  i s  i n c r e a s e d  above Tc. a  space  c h a r q e  poten-  
t i a l  i s  developed and a  v i r t u a l  e m i t t e r  i s  c r e a t e d  a t  t h e  p o s i -  
t i o n  xe from t h e  e m i t t e r  w i t h  an e f f e c t i v e  work f u n c t i o n  (8, + V e ) .  
T h i s  c o n d i t i o n  i s  r e p r e s e n t e d  bv Curve C o f  F i a u r e  1. T h e r e f o r e ,  
t h e  Richardson-Dushman r e l a t i o n  can be w r i t t e n  f o r  t h e  s p a c e  
eharqe  Limntinq c o n d i t i o n  a s  
I = 1 2 0 ~ ~  exp -e($, + ve) a m ~ s / u n i t  a r e a  ( 4 )  
KT 
It should be s t r e s s e d  t h a t  Equa t ions  1 and 4 a r e  b o t h  v a l i d  
r e p r e s e n t a t i o n s  f o r  t h e  s p a c e  c h a r g e  l i m i t e d  c u r r e n t  d e n s i t y  a s  
shown i n  F i g u r e  2 .  Equa t ion  1 i n d i c a t e s  t h e  d i s t a n c e  and v o l t a g e  
dependence w h i l e  Equa t ion  4 i s  u s e f u l  i n  t r e a t i n q  t h e  emitter  
work f u n c t i o n  and t e m a e r a t u r e  pa ramete r s .  
From t h e s e  r e l a t i o n s ,  it can be  s e e n  t h a t  when t h e  d i o d e  
s p a c i n g  i s  a  f u n c t i o n  o f  p r e s s u r e ,  and o p e r a t i o n  i s  c o n f i n e d  ' 
to space  c h a r g e  l i m i t e d  c o n d i t i o n s ,  t h e  c u r r e n t  f lowing  th rouqh  t h e  
diode w i l l  be an i n d i c a t i o n  o f  p r e s s u r e .  The d e v i c e  must n o t  be 
allowed to become emiss ion  l i m i t e d ,  s i n c e  t h i s  c o n d i t i o n  would 
destroy t h e  c u r r e n t - d i s t a n c e  dependence.  
The c u r r e n t - d i s t a n c e  r e l a t i o n  i s  a  n o n - l i n e a r  one .  T o  a c h i e v e  
l i n e a r i t y ,  t h e  sys tem was developed which measures t h e  difference 
between c u r r e n t s  f lowing  t h r o u q h  t h e  p r e s s u r e - a c t u a t e d  coTPect3r 
and t h e  f i x e d  r e f e r e n c e  c o l l e c t o r .  T h i s  s i g n a l  c o n d i t i o n y n g  sys -  
t e m  i s  t r e a t e d  i n  d e t a i l  i n  S e c t i o n  9.0. A power supp ly  i s  D r o -  
grammed such t h a t  t h e  v o l t a g e  a p p l i e d  t o  t h e  c o l l e c t o r s  maintains 
t h e  sum o f  t h e  two c u r r e n t s  a t  t h e  l e v e l  de termined bv. t h e  para-  
m e t e r s  f o r  z e r o  p r e s s u r e .  T h i s  sum i s  from Equat ion  1 and 
s u b s t i t u t i n g  d f o r  xc 
2 (2.34 X 10-6) v312 A, = 0.144 ampere 
d2 
where V = 20 v o l t s ,  d  = 0.006 i n c h  and A, = 0.0123 i n c h 2  (emit- 
t e r  a r e a ) .  Table  1 p r e s e n t s  d a t a  p e r t i n e n t  t o  t h e  a n a l v s i s ,  
The s u b s c r i p t s  " a "  and " r "  d e n o t e  p r e s s u r e - a c t u a t e d  c o l l e c t o r  
and r e f e r e n c e  c o l l e c t o r  p a r a m e t e r s  r e s p e c t i v e l y .  The voltage 
v a l u e s  a r e  o b t a i n e d  from t h e  e x p r e s s i o n  
where A, = 0.0123 i n c h 2  and d r  = 0.006 i n c h .  
where d, i s  e x p r e s s e d  i n  i n c h .  Decreas inq  v a l u e s  of d, 
cor respond  t o  i n c r e a s i n q  p r e s s u r e .  
TABLE 1 
SIGNAL CONDITIONING PARAMETERS 
da dr V  i a  i r  (ia + i,) (ia - ir) 
Inch I n c h  V o l t s  Amp. 
--- 
Amp. 
- Amp * Amp. 
9,0060 0 , 0 0 6 0  2 0 . 0  0 . 0 7 2 0  0 . 0 7 2 0  0 . 1 4 4  0 . 0 0 0 0  
0 . 0 0 5 5  0 , 0 0 6 0  1 9 . 0  0 . 0 7 8 2  0 . 0 6 6 0  0 . 1 4 4  0 . 0 1 2 2  
3,0050 @ , 0 0 6 0  1 7 . 6  0 . 0 8 5 0  0 . 0 5 9 1  0 . 1 4 4  0 . 0 2 5 9  
0,0045 0 , 0 0 6 0  1 6 . 1  0 . 0 9 2 2  0 . 0 5 2 0  0 . 1 4 4  0 . 0 4 0 2  
0 , 0 0 4 0  0 . 8 0 6 0  1 4 . 5  0 . 0 9 9 8  0 . 0 4 4 3  0 . 1 4 4  0 . 0 5 5 5  
F i q u r e  3 q r a p h i c a l l y  p r e s e n t s  t h e  r e su l t s .  C u r v e  A p l o t s  v a l u e s  
f o r  i, a s s u i m i n q  a c o n s t a n t  value of V = 2 0  v o l t s .  F o r  t h i s  
situation, i, w i l l  r e m a i n  c o n s t a n t  a t  7 2  ma.  a n d  a sum o r  d i f -  
ference m e a s u r e m e n t  w i l l  c o n t a i n  t h e  i n h e r e n t  n o n - l i n e a r i t y  of 
Curve A, Chrve B p l o t s  values f o r  (ia - i,) f r o m  T a b l e  1. T h e  
m a x i m m  d e v i a t i o n ,  b a s e d  on t e r m i n a l  type  l i n e a r i t v ,  i s  seen 
to be about  3 %  of f u l l  scale. 
3,1,2 m P a r a m e t e r s  
The f i n a l  d e s i g n  of t h e  pressure s e n s o r  u s e d  a common emit ter ,  
a p r e s s u r e - , a c t u a t e d  co l lec tor  a n d  a f ixed  r e f e r e n c e  col lector .  
A s  w i l l  be t r e a t e d  l a t e r ,  the  u s e  of t w o  co l lec tors  a n d  a c o n s t a n t  
s u r n - o f - t h e - c u r r e n t s  p o w e r  s o u r c e  e l i m i n a t e s  a l m o s t  a l l  of t h e  
sources of error.  T h e  f o l l o w i n q  d e s i g n  p a r a m e t e r s  have b e e n  
z e ro  F r e s s u r e : e m i t t e r  - ac t i ve  co l l ec to r  s p a c i n q  = 0 . 0 0 6  i n c h  
( 8 . 0 1 5 2 4  c m )  , 
f u l l  p r e s s u r e ~ e m i t t e r  - ac t i ve  co l l ec to r  spacing = 0 . 0 0 4  i n c h  
( 0 . 0 1 0 1 6  cm) , 
emitter - r e f e r e n c e  c o l l e c t o r  s p a c i n q  of 0 . 0 0 6  i n c h  ( c o n s t a n t ) ,  
emitter area of 0.0791 cm2 (1/8 inch dia. disc). 
In order to achieve high electron emission at low temperatures, 
a dispenser tywe emitter with a work function of about 2 , E  ev 
is planned. The collectors are a refractorv alloy with a work 
function of the order of 3 to 4 ev. 
3.1.3 Emitter Considerations 
From Figure 1 the relationship between the effective diode 
potential and the voltage applied to the collector is 
Vc = V + (Sde + Ve - @c) j 5 I 
The reasonable assumption that ($e + Ve - 6,) is small compared 
to V results in Vc %V. The further assum~tion that V will be? 
of the order of 20 volts and the use of the space charge r e l a t i o n  
(Equation 1) result in a current densitv of 2.04 amps/tm2 at the 
minimum spacing of 0.004 inch. This represents the maximm ex- 
pected diode current. An,emitter operating at a tem~erature-of 
1420°K (2100°F) with a work function of 2.1 ev will provide a 
saturation current of 8 amps/cm2. Thus, the maximum operatinq 
current density is 25 percent of the emitter capability which 
assures space charge regime for all conditions. 
To evaluate the current-mechanical spacing relationship, the 
emitter-virtual emitter distance (xe) must be determined, Not- 
tingham (Reference 1) presents a nomoqraph from which the value 
of xe may be determined as a function of emitter temperature 
and current density. Table 2 presents data calculated from 
Equation 1 and the nomosraph. 
TABLE 2 
EMITTER SHEATH PARAMETERS 
d = 0 , 0 0 6  i n .  
- 
d = 0.004 i n .  
V C x V  I Xe I Xe 





- amps/cm2 - cm - %d 
I 10-2 0.0065 42.6 0.0227' 0.0045 44.4 
If t h e  system o p e r a t e s  wi th  a p p l i e d  v o l t a g e s  above 1 0  v o l t s ,  
it appears t h a t  t h e  e f f e c t  of xe i s  minimal and may be neq lec ted .  
3,1,4 Error Analysis  
A n  e s t i m a t e  may be made o f  t h e  c o n t r i b u t i o n s  of t h e  va r ious  
system parameters  t o  t h e  o v e r a l l  system e r r o r .  Before t h e  ind iv-  
i d u a l  r e l a t i o n s  a r e  developed,  an express ion  f o r  t h e  space charge 
potential Ve w i l l  be ob ta ined .  The emiss ion l i m i t  cond i t i on  
(Equation 2) a p p l i e s  f o r  t empera tures  up t o  t h e  c r i t i c a l  tempera- 
ture T, a t  which p o i n t  t h e  p o t e n t i a l  g r a d i e n t  a t  t h e  e m i t t e r  i s  
zero and t h e  c r i t i c a l  c u r r e n t  i s  
A s  t h e  temoerature  i n c r e a s e s  above T c ,  t h e  space charqe p o t e n t i a l  
V, develops and t h e  c u r r e n t  becomes 
I = 120 T~ exp -e(6e + v ~ )  
KT 1 
A 
Combining Equations 3 and 4 yields 
where A T  = T - Tc and 41 = I - 
The detailed development of Eouation 6 and. the error cornpan- 
ents are found in Appendix B. The diode parameters and their 
error terms are listed in.Table 3. 
TABLE 3 
THERMIONIC ERROR COMPONENTS 
(without sum-of-the-currents compensation) 
System Parameter Error in current ( L?% 1/11 
Emitter Temperakure, T + 2 ( d  T/T) 
Emitter Work Function, @e 0 for T 3r Tc 
Distance, d 
- 2  (A d/d 1 
Collector Work Function, 6, -1.5 (A- IdC/Vc) 
Applied Voltage, V +1.5 (bv/vC) 
Some comment can be made about the various error terns. 
The use OF the sum and difference current measuring system des- 
cribed previously minimizes, to a large extent, the effect 
of errors common to both collector circuits. A chanqe in emitter 
temperature demons t ra tes  such a  c o r r e c t i o n .  An i n c r e a s e  i n  
emitter t e m p e r a t u r e  i n c r e a s e s  t h e  v a l u e  of Ve.  T h i s  ( w i t h o u t  
correction) r e s u l t s  i n  an i n c r e a s e  i n  t h e  sum-of- the-currents .  
However, s i n c e  t h e  power supp ly  t h e n  d e c r e a s e s  t h e  s u p p l y  v o l t a q e  
by a V, increment  t h e  t e m p e r a t u r e  i n f l y e n c e  i s  c a n c e l l e d .  
The above remarks a p p l y  e a u a l l y  t o  chanqes  i n  t h e  a p p l i e d  
voltaqe. I n  a d d i t i o n ,  s t a t e - o f - t h e - a r t  t echno loqy  i n  power 
supply d e s i q n  i s  s u f f i c i e n t l y  advanced t o  r e n d e r  t h i s  e r r o r  
negligible, 
Proper  d e s i q n  p rocedure  w i l l  l i m i t ,  i f  n o t  comple te ly  
eliminate, t h e  e f f e c t  of  d i s t a n c e  chanqe d u r i n q  o p e r a t i o n .  
The r a t h e r  s u r p r i s i n q  r e s u l t  t h a t  t h e  c u r r e n t  i s  i n -  
dependent of changes i n  e m i t t e r  work f u n c t i o n  can  b e  i n t e r -  
preted q u a l i t a t i v e l y .  I f  fie d e c r e a s e s ,  more e l e c t r o n s  w i l l  
be emitted, T h i s  i n c r e a s e  i n  e l e c t r o n s  w i l l  r a i s e  t h e  s p a c e  
charge p o t e n t i a l  Ve. I f  #e i n c r e a s e s ,  fewer e l e c t r o n s  w i l l  
be emitted and t h e  m a c e  charqe  p o t e n t i a l  w i l l  d e c r e a s e .  I n  
both cases, t h e r e  i s  a  c o r r e c t i o n  which p r e s e r v e s  t h e  c u r r e n t  
value, E f f e c t i v e l y ,  t h e  sum (fie + Ve) r emains  t h e  same, t h u s  
keeping a c o n s t a n t  c u r r e n t  i n  accordance  w i t h  E a u a t i o n  4 .  
5 - 2  Transducer  haechanical Desiqn 
The mechanica l  d e s i g n s  f o r  t h e  p r e s s u r e  t r a n s d u c e r s  were 
established around t h e  u s e  o f  a doub le  housing concep t ;  a  main 
housing o f  Nb-1Zr surrounded by an o u t e r  s h e l l  o f  L-605 cobal t-  
based a l l o y .  The thermionic  s enso r  i s  i n s t a l l e d  i n  t h e  l o w  vapor 
p re s su re  Nb-1Zr and t h e  o u t e r  s h e l l  of  L-605 a l lows t h e  trans- 
ducer  t o  ope ra t e  i n  a i r .  The space between t h e  N b - l Z r  and t h e  
L-605 w i l l  be evacuated t o  p revent  ox ida t ion  damage t o  t h e  Nb-1Zr. 
Figure  4 p r e s e n t s  a 2 : l  s c a l e  ske t ch  of  t h e  a b s o l u t e  pressure 
t r ansduce r  des ign .  F igures  5 and 6 a r e  2 : l  s c a l e  ske t ches  of 
t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  des ign .  
Refer r inq  t o  F igu res  4 and 5 ,  a l l  p o i n t s  exposed t o  t h e  
l i q u i d  meta l  environment w i l l  be electron-beam welded. The main  
welds i n  t h i s  ca tegory  a r e :  
1. t h e  p r e s s u r e  capsu le  assembly welds,  
2 .  t h e  p re s su re  capsule/main housinq weld, 
3 .  t h e  welds connect ing t h e  Nb-lZr/L-605 t r a n s i t i o n  
p i e c e  t o  t h e  main housinq and t h e  o u t e r  s h e l l ,  
4 .  t h e  main housing/housing cover weld and 
5. t h e  d i f f e r e n t i a l  beam assembly and i n s t a l l a t i o n  
welds. 
The f i n a l  c l o s u r e  welds w i l l  n o t  be exposed t o  t h e  l i q u i d  
potassium environment and may be e i t h e r  electron-beam o r  heliarc 
type .  The main welds i n  t h i s  ca tegory  a r e :  
1. t h e  s enso r  vacuum s h e l l  assembly welds,  
2 .  t h e  thermal expansion diaphraqm assembly weld, 
3 .  t h e  swaqed c a b l e  assembly and i n s t a l l a t i o n  welds and 
4 .  t h e  L-605 o u t e r  s h a l l  assembly welds. 
A Nb-lZr/Lucalox s e a l  i s  used t o  s e a l  t h e  t h e r m i o n i c  d i o d e  
sensor chamber and p r e s e r v e  t h e  hish-vacuum environment .  The 
sensor vacuum s h e l l  i s  made up of  Nb-1Zr components,  i n c l u d i n g  a  
vacuLm p inch-of f  t u b e .  For  t h e  a b s o l u t e  p r e s s u r e  t r a n s d u c e r ,  t h e  
pinch-off t u b e  i s  i n s e r t e d  i n  t h e  s e n s o r  vacuum s h e l l  ( F i q u r e  4 ) .  
The d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  h a s  t h e  p inch-of f  t u b e  i n s e r t e d  
into t h e  main housing ( n o t  shown i n  F i g u r e  5 ,  b u t  i n  F i q u r e  6 ) .  
A Nb-lZr t h e r m a l  expans ion  diaphragm was i n c o r p o r a t e d  i n t o  
the d e s i g n  t o  a b s o r b - s t r e s s e s  s e t  up by t h e  d i f f e r e n c e  i n  l i n e a r  
thermal expans ion 'be tween  t h e  L-605 o u t e r  s h e l l  and t h e  t r a n s d u c e r  
Nb-PZr i n n e r  s t r u c t u r e .  
The o u t e r  s t r u c t u r e  of t h e  t r a n s d u c e r ,  up t o  t h e  swaqed 
cable assembly,  i s  L-605. A l l  assembly welds w i l l  b e  h e l i a r c  
type of s i m i l a r  m e t a l s ,  r e s u l t i n g  i n  maximum r e l i a b i l i t y .  The 
transition from t h e  Nb-1Zr i n n e r  s t r u c t u r e  i s  made above t h e  thermal  
expansion diaphragm w i t h  a n  L-605 t u b u l a r  s e c t i o n .  A Nb-lZr/L-605 
vacuum d i f f u s i o n  j o i n t  i s  used  t o  accompl ish  t h e  t r a n s i t i o n .  
A d e s i g n  was developed f o r  t h e  e l e c t r i c a l  c a b l e  and con- 
n e c t o r  se t -up  used t o  d e l i v e r  power t o  t h e  t r a n s d u c e r  and connect  
i t  t o  t h e  e l e c t r i c a l  s i g n a l  c o n d i t i o n i n g  system. The c a b l e  i s  
of a swaged d e s i g n  a b o u t  2 feet  lonq .  The i n t e r n a l  i n s u l a t i o n  
i s  a two-piece c r u s h a b l e  magnesia ce ramic .  One p i e c e  i s  t u b u l a r  
and t h e  otlher i s  shaped l i k e  a  s p r o c k e t .  The w i r e s  a r e  p l a c e d  
ir the s p r o c k e t  g rooves  and t h e  t u b u l a r  s e c t i o n  i s  s l i p p e d  o v e r  
t h e  s p r o c k e t  assembly.  The o u t e r  c a b l e  s h e l l  i s  s t a i n l e s s  s t e e l  
tubing to give the cable a certain amount of flexibility needed 
for loop installation. The cable is internally pressurized with 
argon and a metal-ceramic seal is used at both ends. X weld 
connection is made to the transducer while a minaturized multi- 
pin connector at the cold end of the cable allows the use of 
a standard design flexible cable to the signal conditioninq 
equipment. 
During the project, tests performed on assemblies configured 
accordinq to the actual transducer parts demonstrated the feasi- 
bility of the various welds and metal-ceramic joints used in 
the design. 
Transducer construction and tests used a W-25 Re pressure 
capsule, the themionic diode sensor and their installation into 
the Nb-1Zr main housinq. The transducers were evaluated in the 
Vacuum Test Facility (Section 10.0) 
4-0 P r e s s u r e  D e f l e c t i o n  System 
The t y p i c a l  p r e s s u r e  t r a n s d u c e r  depends upon t h e  p r e c i s i o n  
of  a h i q h l y  s t r e s s e d  s ~ r i n q  member f o r  i t s  accuracy .  I n  t h e  
present c a s e ,  t h e  swring member i s  a  m u l t i - c o n v o l u t i o n  f l a t  p l a t e  
diaphragm which i s  d i s p l a c e d  by l i q u i d  m e t a l  p r e s s u r e .  The 
maximum u s e f u l  stress l e v e l  i s  l i m i t e d  by t h e  c o r r o s i o n  and c r e e p  
c h a r a c t e r i s t i c s  of  t h e  diaphragm m a t e r i a l  i n  d i r e c t  c o n t a c t  w i t h  
t h e  l i q u i d  m e t a l ;  i n  t h i s  c a s e  po tass ium a t  1800°F. 
Cor ros ion  by a  l i q u i d  m e t a l  o f t e n  t a k e s  p l a c e  p r e f e r e n t -  
i a l l y  along g r a i n  boundar ies .  T h i s  a t t a c k  i s  d i f f i c u l t  t o  p re -  
vent csmpb&tely ,  b u t  i t s  i n f l u e n c e  can  be  minimized by d e s i g n .  
S e l e c t i o n  of a  diaphragm t h i c k n e s s  t h a t  i s  l a r q e  compared w i t h  
t h e  m a t e r i a l  g r a i n  s i z e  w i l l  l e n q t h e n  t h e  l i f e  o f  t h e  diaphragm. 
f 'hus,  m a t e r i a l  t h i c k n e s s e s  o f  0.02 t o  0.06 i n c h  a r e  p r e f e r r e d  
over t h e  c o n v e n t i o n a l  diaphragm t h i c k n e s s  o f  0.005 t o  0.01 i n c h .  
Normally, t o  l i m i t  t h e  a t t a c k  by t h e  a l k a l i  m e t a l s ,  una l loyed  
r e f r a c t o r i e s  ( e . g . ,  columbium o r  t a n t a l u m )  must c o n t a i n  a  low oxy- 
gen content, However, i f  t h e  r e f r a c t o r i e s  a r e  " q e t t e r e d "  by t h e  
addition oF an e lement  c a p a b l e  o f  forming a  thermodynamical ly 
stable oxide ( e . g . ,  Z r ,  T i ,  Y,Hf),  t h e  r e s i s t a n c e  t o  a t t a c k  i s  
c o n s i d e r a b l y  improved. I n  f a c t ,  m a t e r i a l s  c o n t a i n i n q  such g e t -  
t e r i n g  e l e m e n t s  a r e  c a p a b l e  o f  t o l e r a t i n g  oxygen c o n t e n t s  approach- 
i n g  t h e  s t o i c h i o m e t r y  o f  t h e  g e t t e r i n g  m e t a l  w i t h o u t  a d v e r s e  
corrosion e f f e c t s .  I f  t h e  oxygen c o n t e n t  o f  t h e  a l l o y  exceeds  
the s t o i e h i o r n e t r i c  l i m i t  o f  t h e  g e t t e r  e l e m e n t ,  t h e  a l l o y  t e n d s  
t o  a c t  like u n q e t t e r e d  m a t e r i a l .  
The a l l o y s  s e l e c t e d  f o r  i n v e s t i q a t i o n  a s  p o s s i b l e  diaphragm 
m a t e r i a l s  were: 
The t e s t  c o n f i q u r a t i o n  used f o r  e v a l u a t i o n  of t h e  above 
a l l o y s  c o n s i s t e d  o f  a  double convolut ion bellows arrangement 
made up o f  fou r  f l a t  p l a t e  diaphragms. The con f igu ra t ion  i s  
shown i n  Fiqure  7 .  The diaphragms were about 1 inch  i n  diameter 
and 0.02 inch  t h i c k .  The i n n e r  diameter  was about 0 , 2  i n c h ,  
The r i n g  p l a t e  diaphraqm des ign  was used f o r  t h e  W-25% alloy 
while  t h e  machined diaphraqm des ign  was used f o r  t h e  C-129Y, FS-85 
and T-222  a l l o y s .  I n  view o f  t h e  known harmful e f f e c t s  of oxygen 
i n  r e f r a c t o r y  me ta l s  exposed t o  l i q u i d  a l k a l i  m e t a l s ,  t h e  t e s t  
c o n f i g u r a t i o n s  were assembled bv electron-beam weldincr t echniques  
t o  avoid oxygen pick-up. 
4 . 1  I n i t i a l  De f l ec t ion  T e s t s  
The i n i t i a l  d e f l e c t i o n  t e s t s  were performed i n  t h e  Vacuum 
T e s t  F a c i l i t y  (10-8 t o r r  o r  b e t t e r )  wi th  hiqh p u r i t y  arqon used 
f o r  p r e s s u r e  cyc l ing .  The measured oxygen and water  vapor content 
of  t h e  argon was he ld  t o  maximum va lues  of  0.5 and 1,2 p a r t s  
p e r  m i l l i o n  r e s p e c t i v e l v .  The diaphragm d e f l e c t i o n  was measured 
t o  an accuracy of b e t t e r  t han  - + 2 0  microinches  by combininq a 
4 0 X  magni f ica t ion  b i n o c u l a r  microscope wi th  a  q l a s s  p i a t e  camera 
and us ing  a  shadowgraph ins t rument  t o  read  t h e  r e s u l t i n g  ~ h o t o s .  
Analysis  of  t h e  d a t a  w i th  l i m i t e d  p re s su re  and temperature  cvePina 
y ie lded  t h e  fol lowing r e s u l t s .  
I, Hysteresis effects at temperatures up to 1800°F were 
neqliqible for full scale deflections up to about 
0,001 inch. 
2 ,  Tke increase in full scale deflection with temperature 
generally followed the predicted chanqe based on liter- 
ature values of Young's modulus. 
3 ,  Zero shift data generally showed that the W-25Re cap- 
sule was the most stable. 
4 ,  There is a definite need for extended pressure cycling 
to obtain stable pressure-deflection characteristics. 
4 Vacuum Test ~acility 
The sriainal function of the Vacuum Test Facility was to 
provide the means for pressure cyclinq the Dressure capsule at 
1800°F to determine its linearity, reproducibility, and creep 
parameters, 
The objective of the facility design was to perform the 
evaluation of the pressure capsules under conditions that neither 
aggravate nor minimize the severity of the problems that the 
transducer must face. The major consideration was to avoid con- 
taminating the metals with oxygen. The simplest way to accomplish 
this was to perform the tests in a hiqh vacuum Torr or 
better]. To accom~lish the pressure cvclinq, high purity arqon 
was used ,  
A multiple station test facility was constructed for evaluating 
the pressure capsules. La.ter in the program, the facility would 
be used for conductinq tne potassium compatibility tests, and for tests 
of  t h e  p r e s s u r e  t r ansduce r .  Figure  8 d e p i c t s  t h i s  
arrangement f o r  one o f  f o u r  i d e n t i c a l  t e s t  s t a t i o n s .  The test 
p a r t  i s  enc losed  i n  a  hea t ed ,  high vacuum chamber. T h e  test part 
i s  hea ted  r a d i a n t l y  wi th  a  s e t  of  Nb-1Zr r e s i s t a n c e  e lements  
which surround t h e  t e s t  zone. This  zone i s  purposely  l a rqe  t o  
a s sn re  uniform h e a t i n g  and t o  provide space f o r  t h e  r e f l ee t i3 r s  
used t o  c o n t r o l  t h e  end e f f e c t s .  The t o p  p l a t e  c o n t a i n s  t h e  
t ubes  used t o  anply t h e  t e s t  p r e s s u r e  and a l s o  measure t h e  ope ra t -  
i n g  temperatures .  S ince  a l l  suppor t  of  t h e  t e s t  assernblv i s  from 
t h i s  upper p l a t e ,  new assembl ies  can be qu ick ly  in t roduced  ko  t h e  
f a c i l i t y .  F igures  9 and 1 0  p r e s e n t  t h e  vacuum t e s t  chamber i n  
g r e a t e r  d e t a i l .  
For t h e  p r e s s u r e - d e f l e c t i o n  tes ts ,  t h e  motion o f  t h e  element 
was measured by d e t e c t i n g  t h e  chanqe i n  p o s i t i o n  o f  two rnarlcs, 
One of  t h e  marks was an a  f i x e d  p o r t i o n  o f  t h e  P re s su re  capsule 
assembly and t h e  o t h e r  was on t h e  moving element o f  t h e  test 
diaphragm. The r e l a t i v e  motion measurement was made by a combina- 
t i o n  microscope and camera mounted e x t e r n a l  t o  t h e  v a e u m  chamber, 
The s i g h t i n g  took p l a c e  through an o p t i c a l  window i n  t h e  s ide  
of  t h e  tes t  chamber. 
The i n i t i a l  method f o r  p r e s s u r e  c a l i b r a t i n g  and cye l inq  
t h e  t e s t  element used a  system a s  shown i n  Figure  11. Biqk-puri ty 
high-pressure  arqon was supp l i ed  t o  t h e  p re s su re  capsu le ,  Durinq 
t h e  i n i t i a l  s t a r t - u p ,  t h e  system was hea ted  and evacuated s e v e r a l  
t imes t o  degas t h e  s u r f a c e s  and e l i m i n a t e  any absorbed moi s tu re ,  
Then' t h e  t e s t  arqon was passed  t h r a u g h  oxyqen and w a t e r  a n a l -  
yzers "17 de te rmine  i f  t h e  sys tem was o p e r a t i n q  under  h i g h  p u r i t y  
cendFtions, P r e s s u r e  r e g u l a t o r s  i n  b o t h  t h e  h i q h  p u r i t y  and com- 
merc:.al l i n e s  w e r e  s e t  a t  15  p s i q  t o  a s s u r e  u n i n t e r r u p t e d  q a s  
flow a t  c o n s t a n t  p r e s s u r e .  Our i n i t i a l  t e s t s  showed t h a t  t h e  
commercial arqon supp ly  was s u f f i c i e n t l y  p u r e  f o r  o u r  t es t s .  
The measured oxygen and w a t e r  vapor  c o n t e n t  o f  t h e  commercial 
arqon was h e l d  t o  maximum v a l u e s  o f  0.5 and 1 . 2  p a r t s  per m i l l i o n  
r e s p e c t i v e l y .  
4,1.2 Diaphragm D e f l e c t i o n  Measurement 
I n  performing t h e  i n i t i a l  d e f l e c t i o n  t es t s ,  t h e  mot ion  o f  
t h e  diaphragm had t o  be measured t o  a n  accuracy  of 1 p e r c e n t  
of t h e  t o t a l  t r a v e l ,  A t o t a l  t r a v e l  of 0.002 i n c h  r e a u i r e d  t h e  
rnotion to be measured t o  an a c c u r a c y  o f  20 m i c r o i n c h e s .  Our 
work on d e f l e c t i o n  measurement was c o n c e n t r a t e d  i n  two a r e a s .  
O n e  lnvolcred t e c h n i q u e s  f o r  marking t h e  c a p s u l e  p a r t s ;  t h e  o t h e r  
concerned ~ r o c e d u r e s  f o r  o b t a i n i n g  and p r o c e s s i n q  t h e  p h o t o s  
and  e x t r a c t i n g  t h e  d a t a .  
TWO nlethods o f  markinq t h e  c a p s u l e s  were t r i e d :  t h e  use  o f  
diamond i n d e n t o r s  from h a r d n e s s  t e s t i n q  equipment and s u r f a c e  
treatins w i t h  a  commercial a b r a s i v e  u n i t  ( r e s u l t s  i n  a  c r a t e r e d  
surface w i t h  h i q h  s p o t s  t h a t  r e f l e c t  i l l u m i n a t i o n ) .  Both t ech-  
nique~ prov ided  d i s t i n c t  and r e c o g n i z a b l e  c h a r a c t e r i s t i c s .  The 
l a c k  of adequa te  space  on t h e  c a p s u l e  d i c t a t e d  t h e  u s e  o f  t h e  
a b r a s i v e  s u r f a c e - t r e a t m e n t  and t h i s  method was used e x c l u s i v e l y .  
Green l i q h t  i l l u m i n a t i o n  was d i r e c t e d  through one ocu la r  of 
a  b inocu la r  microscope ( 4 0 X  magn i f i ca t ion )  i n t o  t h e  test chamber. 
The camera was a t t a c h e d  t o  t h e  o t h e r  o c u l a r  system. G l a s s  
me ta l log raph ic  p l a t e s  were used. The f i n a l  read ings  were t a k e n  
from t h e  developed p l a t e s  us inq a  shadowgraph ins t rument  capable 
of an accuracy of  0 . 0 0 0 1  inch .  S ince  t h e  camera system operates 
a t  4 0 X  magni f ica t ion ,  t h i s  ins t rument  accuracy corresponded t o  
a marking d i s t a n c e  of 2.5 microinches .  A t y p i c a l  p l a t e  i s  shown 
i n  F iqure  1 2 .  The p l a t e s  were s e t  i n  t h e  shadowgraph so tket 
read inqs  o f  t h e  r e f e r e n c e  marking d i s t a n c e  were repea ted  from 
p l a t e  t o  p l a t e .  From t h i s  base ,  measurements were taken o n  t h e  
d e f l e c t i o n  marking d i s t a n c e ,  
Experience showed t h a t  t h e  d e f l e c t i o n  d a t a  ob ta ined  between 
two capsu le  markinq p o i n t s  could be read on t h e  shadowqraph with 
a  spread  o f  l e s s  t han  0 . 0 0 1  i nch  (+ - 12.5 microinches  actual d i s t -  
ante) between t h e  h igh  and low read inas  i n  a  s e t  of t e n .  T h i s  was 
we l l  below t h e  o r i g i n a l  d e s i r e d  accuracy o f  - + 2 0  micro inehes ,  
S t a t i s t i c a l  t r ea tmen t  of t h e  d a t a ,  which g i v e s  less weight t o  
read ings  a t  t h e  extremes,  would r e s u l t  i n  b e t t e r  accuracy,  S i n c e  
d a t a  ob ta ined  from any f i v e  read inqs  i n  t h e  s e t  could not be mare 
i n a c c u r a t e  t han  t h a t  ob ta ined  from t e n ,  t h e  number of  readinqs 
used t o  o b t a i n  an average was lowered from t e n  t o  f i v e ,  T h i s  
cons iderab ly  speeded up t h e  d a t a  g a t h e r i n g  process .  
4,1,3 Test Procedure 
The deflection measurements using optical means qave the 
initial. indications of pressure capsule behavior. The informa- 
tion included 
1, capsule pressure-deflection characteristics as func- 
tions of temperature, 
2, capsule creep characteristics when subjected to full- 
scale pressurization for periods up to 22 hours at 
b800°F and ' 
3 ,  capsule overpressure characteristics for 2 hour 
periods at 180O0F. 
The procedure devel.oped to obtain this information involved 
$he following steps: 
I, Perform pressure-deflection calibration runs at room 
temperature, 500, 1000, 1200, 1400, 1600 and 1800°F. 
2 ,  Maintain full scale deflection and 1800°F for a period 
sf 20 hours. Measure the full scale and zero pressure 
separations every 6 to 7 hours. Calculate the full 
scale deflections and zero shifts. 
3 ,  Perform pressure-deflection calibration runs at 500, 
1400 and 1800°F. 
4, Apply overpressure to 200 percent maximum deflection 
(or until the diaphraqm is close to the mechanical stop) 
at 1800°F for a 2 hour period. Measure the full scale 
and zero pressure separations everv hour. Calculate the 
full scale deflections and zero shifts. 
5. Perform p r e s s u r e - d e f l e c t i o n  c a l i b r a t i o n  r u n s  at 500, 
1400 and 1800°F. 
6 .  Main ta in  f u l l  s c a l e  d e f l e c t i o n  and 1800°F for a 6 ?our 
p e r i o d .  Measuee t h e  f u l l  s c a l e  and z e r o  p r e s s u r e  separ- 
a t i o n s  e v e r y  3  h o u r s ,  C a l c u l a t e  t h e  f u l l  s c a l e  def lee-  
t i o n s  and z e r o  s h i f t s .  
The term " z e r o  p r e s s u r e  s e p a r a t i o n "  r e f e r s  t o  t h e  drstance 
between two mark ings ,  one on t h e  c a p s u l e  p r o j e c t i o n  t i p  and t h e  
o t h e r  on t h e  c a p s u l e  d e f l e c t i o n  yoke ( s e e  F i g u r e  1 2 )  under  
c o n d i t i o n s  o f  z e r o  p s i a  c a p s u l e  p r e s s u r i z a t i o n .  When full-scale 
p r e s s u r e  i s  a p p l i e d  t o  t h e  c a p s u l e ,  t h e  d i s t a n c e  between t h e  same 
two markings i s  termed t h e  " f u l l  s c a l e  s e p a r a t i o n " .  The "full 
s c a l e  d e f l e c t i o n "  i s  o b t a i n e d  by s u h t r a c t i n q  t h e  f u l l  scale  separ- 
a t i o n  from t h e  z e r o  p r e s s u r e  s e p a r a t i o n .  "Zero s h i f t "  r e f e r s  t o  
a  chanqe i n  v a l u e  o f  t h e  z e r o  p r e s s u r e  s e p a r a t i o n .  
A c h r o n o l o g i c a l  r e p r e s e n t a t i o n  o f  t h e  t e s t  p rocedure  i s  shown 
i n  F i g u r e  13 .  P o i n t s  a t  which f u l l  s c a l e  and z e r o  p r e s s u r e  s e p a r a -  
t i o n s  a r e  measured a l o n g  w i t h  t o t a l  o p e r a t i o n  t ime  and t i m e  a t  
1800°F a r e  i n d i c a t e d .  V a r i a b l e s  i n  t h e  p rocedure  i n c l u d e  t h e  length 
o f  t ime  o f  t h e  s u s t a i n e d  f u l l  s c a l e  p r e s s u r e  t e s t  (shown a s  
22 h o u r s  i n  F i g u r e  1 3 )  and t h e  o v e r p r e s s u r i z a t i o n  v a l u e  used, 
The z e r o  p r e s s u r e  s e p a r a t i o n  r e a d i n g  a f t e r  t h e  f i r s t  6 to 7 hours 
o f  t h e  s u s t a i n e d  p r e s s u r e  t e s t  was n o t  normal lv  t a k e n .  Each ares- 
s u r e - d e f l e c t i o n  c a l i b r a t i o n  t e s t  r e q u i r e d  a b o u t  2 h o u r s ;  t h e  pres- 
s u r e  c a p s u l e  e x p e r i e n c e d  abou t  56  hours  o f  t o t a l  o p e r a t i o n ,  3 6  
hours  o f  which were a t  180O0F. The c a p s u l e  underwent a t o t a l  of 
1 3  f u l l - s c a l e  p r e s s u r e  c y c l i n g  t e s t s  a t  v a r i o u s  ambient  terLpera-- 
t u r e s ,  I n  a d d i t i o n ,  t h r e e  1800°F t i m e  t e s t s  were i n c l u d e d  i n  
t h e  test procedure ;  2 2  hours  a t  1 0 0  p e r c e n t  p r e s s u r e ,  2 hours  a t  
290 percent o v e r p r e s s u r e ,  and a  f i n a l  6  hour t e s t  a t  100 p e r c e n t  
pressure, 
The i n s t r u m e n t a t i o n  h a s  been d i s c u s s e d  i n  a  p r e v i o u s  s e c t i o n  
and used a 4 0 X  m a g n i f i c a t i o n  b i n o c u l a r  microscope th rouqh  which 
p!lotogra~hs were t a k e n  on q l a s s  m e t a l l o q r a p h i c  p l a t e s .  Separa-  
t i o n  r e a d i n a s  were t h e n  t a k e n  from t h e  developed p l a t e s  u s i n s  a 
shadowgraph i n s t r u m e n t .  T h i s  sys tem e x h i b i t e d  a c c u r a c i e s  b e t t e r  
than -- 4-20 rnricroinches (+2 - p e r c e n t  r e f e r r e d  t o  a  f u l l  s c a l e  d e f l e c -  
$ ion  of 0 ,001  i n c h ) .  
4,P.4 T e s t  -- R e s u l t s  
A complete se t  of  p r e s s u r e - d e f l e c t i o n - t e m p e r a t u r e  tes ts  
were conducted  on t h e  f o u r  c a n d i d a t e  p r e s s u r e  diaphraqm mater -  
i a l s  (C-129Yr FS-85, T-222, W-25Re). To i n v e s t i g a t e  f u l l y  t h e  
h igh  t e m p e r a t u r e  stress e f f e c t s ,  f u l l  s c a l e  d e f l e c t i o n  v a l u e s  were 
selected which a r e  r e a l i s t i c  Eor t r a n s d u c e r  o p e r a t i o n .  I n  addi -  
tion, both s i n q l e  and doub le  c o n v o l u t i o n  c a p s u l e s  w e r e  inc luded  
in t h e  - test program. 
A complete l i s t i n g  o f  t h e  t e s t  c a p s u l e s ,  t h e  a p p l i c a b l e  f u l l  
scale  d e f l l e c t i o n  p a r a m e t e r s  and t h e  c h r o n o l o q i c a l  o r d e r  i n  which 
t h e  d e f l e c t i o n  tes ts  were performed i s  g i v e n  i n  T a b l e  $g-. The 
maximum d e f l e c t i o n  v a l u e s  o f -  0.0006 and 0.001 i n c h  f o r  s i n g l e  
convolution c a p s u l e s  co r respond  t o  v a l u e s  o f  0.001 and 0.0017 
inch r e s p e c t i v e l y  f o r  doub le  c o n v o l u t i o n  c a p s u l e s .  
. . .  . . .  . e  e . .  
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F i q u r e s  14 throuqh 88 present the comnlete series of pressure- 
deflection.-temperature data as scheduled in Fiqure 13 for time 
increrne~ts  0 to 14 (time scale a). 
Infomation of interest which can be derived from these data 
as a function of operatina temperature include linearity, hyster- 
esis, zero shift and Younq's modulus. 
A straight line has been drawn close to the experimental 
~oints of each set of ca~sule data plots (Figures 14 to 8 8 )  
to assist in the evaluation of the capsule linearity and hyster- 
esis, Usins the line as drawn on each fiqure, it will be noted 
that the Einearitv error is not apDarent but as the operating 
temperature increases the hysteresis errors become more pro- 
nounced. The inability to discern the linearity error demonstrates 
that the capsule linearity error is smaller than the optical 
neasurement system error. To simplify the problem of data evalua- 
tson, the linearity and hysteresis errors have been combined 
into a single term called "linearity-hvsteresis error". 
The kinearitv-bvsteresis error is established by deter- 
n i n i n q  the deviation of the individual data points from the 
straight line and calculatinq the error in percent of full scale 
deflection at the operating temperature. 
T h e  riaximum error value for each capsule test has been 
tabu:bated in Table 4. The test data contains some points which 
are g r o s s l y  different from the general hysteresis pattern for a 
p a r t i c u l a r  t e s t .  I n  t h e s e  i n s t a n c e s ,  t h e  maximm va lues  repre- 
s e n t a t i v e  o f  t h e  d a t a  p a t t e r n  were s e l e c t e d  f o r  use  i n  Table *. 
There a r e  s i x  va lues  o f  t h i s  t ype  i d e n t i f i e d  i n  t h e  table b y  
no t e  ( b ) .  
The purpose of  Table 4 i s  t o  make p o s s i b l e  t h e  se l . ee t ion  of 
t h e  d e f l e c t i o n  l i m i t  f o r  a  p a r t i c u l a r  candida te  a l l o y  when used 
a s  a  p re s su re  capsu le .  Table a l s o  l i s t s  t h i s  d e f l e c t i o n  limit 
i n  t e r n s  of a l lowable  ope ra t ing  temperature  f o r  each caipsule tested. 
The s e l e c t i o n  i s  based on t h e  h a s t  temperature  t e s t  conditiec f o r  
which t h e r e  i s  no n o t i c e a b l e  i n c r e a s e  i n  t h e  l i n e a r i t v - h y s t e r e s i s  
e r r o r .  using t h e  C-l29U capsu les  a s  an example, it w i l l  be noted 
t h a t  f o r  a  s i n q l e  convolu t ion  capsu le  w i th  0.0006 ineh  f u l l  sca le  
d e f l e c t i o n  t h e r e  i s  no app rec i ab l e  i n c r e a s e  i n  t h e  l i n e a r i t v -  
h y s t e r e s i s  e r r o r  from 1000°F t o  1800°F. When t h e  f u l l  scale 
d e f l e c t i o n  i s  inc reased  t o  0.001 inch ,  t h e  l i n e a r i t y - h y s t e r e ~ i s  
e r r o r  r i s e s  s h a r p l y  between 1600°F and 1800°F. 
For t h e  C-l29Y double convolut ion c a ~ s u l e  wi th  0 . 0 0 2  i n e h  
f u l l  s c a l e  d e f l e c t i o n ,  t h e  chanqe occu r s  between 1400°F and 
1600°F. This in format ion  can be used t o  compute t h e  maximum 
al lowable  ope ra t ing  s t r e s s  f o r  new capsu le  des igns  t o  a s s u r e  t h a s  
l i n e a r i t y - h y s t e r e s i s  w i l l  be smal l  a t  t h e  d e s i r e d  ope ra t ing  temp- 
e r a t u r e .  Each m a t e r i a l  has been opera ted  a t  a  s t r e s s  l e v e l  law 
enough t o  minimize t h e  l i n e a r i t y - h y s t e r e s i s  e r r o r  a t  1800'~- 
The W-25Re capsu le  has  shown t h e  b e s t  ranqe o f  u s e f u l  o p e r a t b n s  
conditions. 
Tables 2 ,  3 ,  4 ,  and 5   resent t h e  z e r o  s h i f t  and f u l l  
scale data schedu led  by F i q u r e  13 ( s e e  t ime  s c a l e  b) a t  nominal 
t i m e s  2 t o  2 4 ,  26 t o  28, and 30 t o  3 6 .  A l l  d a t a  f o r  t h i s  p o r t i o n  
o f  t h e  e v a l u a t i o n  a r e  a t  1800°F. The purpose  of  t h e  f i r s t  t ime  
pe r iod  ( 2  t o  2 4  h o u r s )  was t o  p r o v i d e  a  l i m i t e d  amount of p r e s s u r e  
cyelinq a n d  o p e r a t i n g  t ime  a t  t e m p e r a t u r e  t o  s t a b i l i z e  t h e  D e r -  
formance of t h e  p r e s s u r e  c a p s u l e  b e f o r e  s u b j e c t i n g  it t o  t h e  200 
p e r c e n t  o v e r p r e s s u r e  t e s t  (26 t o  2 8 )  and t h e  f i n a l  t i m e  t e s t  
for creep a t  f u l l  p r e s s u r e  and t e m p e r a t u r e  (30 t o  3 6 ) .  
T h e  double  c o n v o l u t i o n  W-25Re c a p s u l e  o p e r a t e d  a t  0.002 
i n c h  f u l l  s c a l e  d e f l e c t i o n  demons t ra ted  r e ~ e a t a b i l i t y  c l o s e  t o  t h a t  
which can be o b t a i n e d  bv t h e  o p t i c a l  measur ing  svstem (see Table  
1 These c r e e p  v a l u e s  o f  less t h a n  abou t  4 p e r c e n t  f o r  a  s i x  
h o u r  p e r i o d  ho ld  promise  t h a t  a t r a n s d u c e r  can  be b u i l t  which 
will m e e t  t h e  d e s i r e d  long  t i m e  s t a b i l i t y  r e q u i r e m e n t s .  The d a t a  
f c s r w - 2 5 ~ e  a t  0.001 i n c h  f u l l  s c a l e  d e f l e c t i o n  seems t o  i n d i c a t e  
t h a t  more p r e s s u r e  c y c l i n g  a t  t e m p e r a t u r e  i s  r e q u i r e d  t o  s t a b i l -  
lze t h e  c a p s u l e  b e f o r e  t h e  f i n a l  c r e e p  d a t a  a r e  t a k e n .  The 0.004 
inch full s c a l e  d e f l e c t i o n  d a t a  show t h a t  t h i s  d e f l e c t i o n  qener-  
ates h i q h e r  s t ress t h a n  c a n  be  a l lowed  f o r  lonq term s t a b i l i t y .  
The T-222 p r e s s u r e  c a p s u l e  d a t a  p r e s e n t e d  i n  Tab le  7 show 
t h e  need f o r  more c a p s u l e  p r e s s u r e  c y c l i n q .  T h i s  need i s  exemp- 
l i f i e d  by t h e  n e q a t i v e  z e r o  s h i f t s  t y p i c a l  f o r  t h e  T-222 c a p s u l e .  























































































































































































































































































Table 6 p r e s e n t s  t h e  d a t a  f o r  t h e  FS-85 capsu le .  T h i s  
d a t a  and t h a t  o f  Table  5 f o r  C-l29Y a l s o  show t h e  need f o r  rnore 
p r e s s u r e  cyc l inq  a t  temperature .  F igures  89 and 9 0  a r e  pre-- 
s en t ed  t o  show t h e  decrease  i n  h y s t e r e s i s  wi th  i nc reased  pressure 
cyc l inq ,  which i n d i c a t e s  t h a t  s t a b i l i z a t i o n  i s  t a k i n g  place i n  
both t h e  C-l29Y and FS-85 capsu le s  dur ing  t h e  p r e s s u r e  cycling 
of t h e  f i n a l  t e s t  (30 t o  36 hour s ) .  Data taken a t  consecut ive  
t imes a r e  i d e n t i f i e d  by l e t t e r s  A through B. The capsu le  achiesres 
a cons iderab ly  s m a l l e r  h y s t e r e s i s  loop wi th  each succes s ive  pressgre 
cyc l e ,  Thus, a f t e r  on ly  one c y c l e  t h e  zero s h i + t  of  t h e  C-129Y 
capsu le  i s  reduced from 2 6 . 4  pe rcen t  t o  13.6 pe rcen t .  Simi:LarLy, 
t h e  f u l l  s c a l e  d e f l e c t i o n  c r eep  i s  reduced from 5 4 - 6  percent 
t o  13.8 pe rcen t ,  Comparable r e s u l t s  have been-measured for t h e  
FS-85 capsu les .  From Fiqure  90, t h e  va lues  a r e  2 1 . 1  ~ e r e e n t  full 
s c a l e  d e f l e c t i o n  e reen  i n  t h e  f i r s t  t h r e e  hours and 7 . 6  pert-ent 
i n  t h e  second t h r e e  hours.  The zero  s h i f t  i n  t h e  f i r s t  t h r e e  
hours i s  1 2  pe rcen t  of  f u l l  s c a l e  a s  compared t o  on ly  O,8 percent 
i n  t h e  second t h r e e  hours .  I t  i s  reasonable  t o  expec t  that this 
t r end  w i l l  cont inue.  
The i n f l u e n c e  of  temperature  on f u l l  s c a l e  d e f l e c t i o n  i s  
presen ted  i n  F igures  9 1  t o  9 4 .  The measured de f l ecb ion  indicated 
i n  pe rcen t  of f u l l  s c a l e  d e f l e c t i o n  i s  compared i n  each s f  t h e  
graphs wi th  t h e  p r e d i c t e d  pe rcen t  of  f u l l  s c a l e  d e f l e c t i o n  based 
on t h e  chanqe i n  Younq's modulus wi th  t e m ~ e r a t u r e .  These data 
seem t o  show s i m i l a r  t r e n d s  t o  t h a t  shown by t h e  h y s t e r e s i s  and 
z e r G  shift d a t a  p r e v i o u s l v  d i s c u s s e d .  I n  F iqu re s  9 1  and 92,  t h e  
measured v a l u e s  compare c l o s e l y  t o  t h e  Younq" modulus v a l u e s  up t o  
about. 1400°F. From Table  4, t h e s e  same c a p s u l e s  showed a  smal l  
chanqe i n  h y s t e r e s i s  a t  a  t emne ra tu r e  o f  1600°F and a  l a r q e  i n c r e a s e  
a t  1800°F. Figu re  93 f o r  t h e  T-222 m a t e r i a l  i n d i c a t e s  t h a t  
the m a t e r i a l  ha s  n o t  been f u l l y  s t a b i l i z e d  a s  was a l s o  shown by 
t h e  zero s h i f t  and f u l l  s c a l e  d e f l e c t i o n - t i m e  d a t a  i n  Tab le  +. 
Figure 94 i n d i c a t e s  a  s l i q h t l v  l a r q e r  chanse  i n  Young's modulus 
for t h e  c a p s u l e  m a t e r i a l  t h a n  t h a t  used f o r  t h e  c a l c u l a t e d  
curve. 
4,2 P r e s s u r e  C a ~ s u l e  Desian 
Exper imenta l  r e s u l t s  p r e s e n t e d  i n  S e c t i o n  4 . 1 . 4  i n d i c a t e d  
that t h e  W-25 R e  p r e s s u r e  c a p s u l e  was t h e  most s t a b l e  o f  t h e  fou r  
(C-329Y,  FS-85, T-222 and W-25 R e )  t e s t e d .  Using W-25 R e  a s  t h e  
final p r e s s u r e  c a p s u l e  m a t e r i a l ,  d e s i q n  c a l c u l a t i o n s  l e d  t o  t h e  
a b s o l u t e  and d i f f e r e n t i a l  Dressure  c a p s u l e  c o n f i q u r a t i o n s  p r e sen t ed  
i n  F i q u r e s  95 and 96. The c a p s u l e  i s  a  doub le  convo lu t i on  assembly 
consisting of two r i n g  members (1 and 2 i n  F igu re s  95 and 96) 
and a disc: member ( 4  i n  F i g u r e s  95 and 9 6 )  . Dimensions a r e  shown 
f o r  t h e  8 0  p s i a  and - + 5  p s i d  c a ~ s u l e s .  Three c r i t e r i a  w e r e  used 
t o  e s t a b l i s h  t h e  p r e s s u r e  c a p s u l e  d e s i g n .  
I .  The maximum d e s i q n  stress i n  any c a p s u l e  member was 
@ 
l i m i t e d  t o  10,000 p s i .  T h i s  stress l e v e l  was chosen 
t o  l i m i t  c r e e p  o f  t h e  W-25 R e  c a p s u l e .  
2 .  The f u l l - s c a l e  d e f l e c t i o n  of  bo th  t h e  a b s o l u t e  and 
d i F f e r e n t i a P  p r e s s u r e  capsu le s  was chosen t o  be about 
0 , 0 0 1  inch  f o r  t h e  in tended  t emse ra tu re  range (1000-180O0F), 
3 .  To i n s u r e  l i q u i d  metal  containment,  t h e  t h i c k n e s s  of any 
capsu le  member w a s  he ld  t o  a m i n i m m  of  0 . 0 2 0  inch, 
The capsu le  des ign  w a s  e s t a b l i s h e d  us inq  stress and deflec- 
t i o n  formulae such a s  found i n  Reference 2 .  The r i n g  and d i s c  
members were t r e a t e d  s e p a r a t e l y .  
For t h e  r i n g  member, t h e  maximm s t r e s s  and deflection a re  
r e l a t e d  t o  t h e  capsu le  p a r m e t e r s  by t h e  fol lowing expressions: 
sr = 0.976 w a 2 / t r 2  
= 0.976 0( w a 4 / ~  tr3 
where sr  = maximum stress i n  t h e  r i n q  member ( p s i )  ; 
occurs  i n  t h e  r a d i a l  d i r e c t i o n  a t  t h e  o u t e r  edge- 
/3 = func t ion  o f  a/b ( t a b u l a t e d  on p.215, Reference 2:. 
a = r a d i a  t o  t h e  o u t e r  edge ( inch )  
b  = r a d i u s  of  t h e  c e n t r a l  boss  ( i nch )  
w = a p p l i e d  load  ( p s i )  
t r  = t h i c k n e s s  of  t h e  r i n s  member ( i nch )  
Y r  = d e f l e c t i o n  o f  t h e  r i n g  member ( i nch )  
cs( = func t ion  of  a/b ( t a b u l a t e d  on p.215, Reference 2), 
E = Younq's modulus f o r  W-25Re ( p s i  1 
The cons t an t  0.976 inc ludes  t h e  e f f e c t  of  t h e  W-25 R e  value of 
Poisson" r a t i o  ( 0 . 3 3 6 ) .  
For t h e  d i s c  member, t h e  maximum s t r e s s  and d e f l e c t i o n  a r e  re -  
lated t o  t h e  capsu le  parameters  by t h e  fol lowinq exp res s ions :  
where sd = maximum s t r e s s  i n  t h e  d i s c  members ( p s i ) ;  
occurs  i n  t h e  r a d i a l  d i r e c t i o n  a t  t h e  o u t e r  edge. 
w = app l i ed  load  ( p s i )  
a = r a d i u s  of  t h e  member ( i n c h )  
td = t h i c k n e s s  of t h e  d i s c  member ( i n c h )  
yd = d e f l e c t i o n  o f  t h e  d i s c  member ( i nch )  
m = r e c i p r o c a l  o f  P o i s s o n ' s  r a t i o  (1/0.336 = 2.98) 
E = Young's modulus f o r  W-251?eT ( p s i )  
Table 9 p r e s e n t s  t h e  p r e s s u r e  capsu le  parameters  a s  d e t e r -  
mined from t h e  above exp res s ions .  For t h e  80 p s i a  capsu le ,  t h e  
limiting value  of s t r e s s  ( 1 0 , 0 0 0  p s i )  was used t o  determine 
t h e  t h i cknesses  of t h e  r i n g  and d i s c  members. For t h e  ~ S p s i d  
capsule, t h e  member t h i ckness  was he ld  t o  a  minimum o f  0.020 
i n c h  f o r  l i q u i d  meta l  containment,  l e a d i n g  t o  t h e  decreased s t r e s s  
l e v e l s  shown i n  Table 9 .  
w ( p s i )  
a ( i nch )  
b ( i nch )  
TABLE 9  
W - 2  5Re  PRESSURE CAPSULE PARAMETERS 
8 0  p s i a  C a p s u l e  - +5psid Capsule 
m 2 . 9 8  
E ( p s i ,  1 8 0 0 ° F )  5 2 . 5  x l o 6  
E ( p s i ,  100O0F)  5 6 . 3  x 1 0 6  
S, (psi) 1 0 , 0 0 0  3 , 9 0 0  
tr ( inch )  0 . 0 5 0  0 . 0 2 0  
y, ( i n c h ,  1 8 0 O 0 ~ )  0 . 2 6 7  x 1 0 - 3  0 . 2 6 1  x 113-3 
sd ( p s i )  1 0 , 0 0 0  5 , 2 5 0  
t d  ( i n c h )  0 . 0 5 8  0 . 0 2 0  
y d  ( i n c h ,  1 8 0 0 ~ ~ )  0 . 4 1 1  x 1 0 " ~  0 . 6 2 7  x 
t o t a l  d e f l e c t i o n  Y = 3 ~ r  
( i nch ,  1 8 0 0 O ~ )  + Yd 1 . 2 1  x 1 0 - 3  1 . 4 1  x 10-3 ( i n c h ,  1 0 0 0 ° ~ )  1 . 1 3  x 10'3 1 . 3 1  x l o - 3  
4 . 3  P re s su re  C a ~ s u l e  F a b r i c a t i o n  
-- 
The i n d i v i d u a l  members of t h e  p r e s s u r e  cansu le  (1, 2 and 3 
i n  Figures 9 5  and 9 6 )  a r e  prepared i n  two o p e r a t i o n s ;  e l e c t r i c a l  
diseharqe machininq (EDM) t o  e s t a b l i s h  t h e  c o r r e c t  d iameter  dimen- 
s i o n s  and t h e  deep groove i n  p i e c e  2 , , a n d  machine g r i n d i n g  t o  e s t ab -  
lish t h e  c o r r e c t  web contours .  Usinq EDM, t h e  o u t e r  d iameter  
(1,70 i n c h )  and t h e  c e n t r a l  ho l e  (0.290 inch )  a r e  p repared  w i t h  
standard tungsten/copper e l e c t r o d e s .  
T h e  e l e c t r o d e  wear i s  seve re  i n  EDM o p e r a t i o n s  on r e f r a c -  
tories, and i f  t h e  s t anda rd  tungsten/copper  e l e c t r o d e s  a r e  used 
t o  machine t h e  deep groove i n  p i e c e  2 ,  c o n t i n u a l  shut-downs would 
be r equ i r ed  t o  re - face  t h e  e l e c t r o d e .  To machine t h e  groove i n  
the edge of t h e  W-25Re d i s k ,  a  t echnique  us inq  a  t r a v e l l i n g  
t a n t a l m  wi re  e l e c t r o d e  was developed. The equipment used i s  shown 
i n  F igu re  9 7 .  The e n t i r e  assembly, c o n s i s t i n g  of a p l a t e  on which 
i s  mounted a  number of  a d j u s t a b l e  p u l l e y s  and spoo l s ,  t o g e t h e r  
w i t h  a drive motor,  i s  bo l t ed  on to  t h e  head of t h e  EDN machine. 
The e l e c t r o d e ,  which i s  of 0 . 0 2 0  i nch  d iameter  tanta lum wi re  
several hundred f e e t  long,  i s  p u l l e d  over  t h e  p u l l e y s  w i th  a  
drive motor. The p u l l e y s  a r e  a d j u s t a b l e ,  s o  t h a t  up t o  fou r  d i s k s  
can be machined s imul taneously .  
Pre l iminary  t e s t s ,  i n  which t h e  d i s k  was r o t a t e d  cont inu-  
o u s l y ,  r e s u l t e d  i n  a  groove t h a t  had two l a r q e  bumps i n  t h e  
bottom, becoming p r o q r e s s i v e l v  l a r q e r  a s  machininq proceeded. 
When t h e  d i s k  was kep t  s t a t i o n a r y ,  machining proceeded n o m a l l y  
and no bumps were encountered.  The groove i s  c u t  t o  t h e  desiqn 
r o o t  d iameter  and t h e  d i s k  i s  then  r o t a t e d  9 0  degrees  and a second 
c u t  i s  made, extending t h e  groove around t h e  d i s k .  A f t e r  four 
such c u t s  a r e  made, t h e  d i s k  i s  indexed t o  t h e  45  degree  p o i n t s  
and c u t s  a r e  made t o  e l i m i n a t e  t h e  sharp  c o r n e r s  a t  t h e  base of 
t h e  groove. A f i n a l  d r e s s  pas s  i s  made t o  e s t a b l i s h  t h e  root 
diameter .  A photograph of  a  f i n i s h e d  d i s c  f o r  t h e  5 psid pres- 
s u r e  capsu le  i s  shown i n  Fiqure  9 8 .  
The f i n a l  web dimensions of  t h e  P re s su re  capsu le  nembers 
a r e  e s t a b l i s h e d  by s u r f a c e  and contour  g r ind inq ,  S t a n d a r d  
mounting and g r i n d i n g  techniques  do n o t  apply because of heat- 
ing  e f f e c t s  gene ra t ed  du r ing  q r ind inq .  
The g r ind ing  i s  done i n  two s t e p s .  A maqnetic-chuck surface 
g r i n d e r  i s  used f i r s t  t o  e s t a b l i s h  p a r a l l e l i s m  between t h e  two 
s i d e s  of t h e  p i ece .  Then contour  q r ind inq  i s  done by mountins i n  
a  l a t h e  c o l l e t  and us ing  a  t oo l -pos t  g r i n d e r .  During grinding. 
it i s  important  t h a t  t h e  p i e c e  be s ecu re ly  mounted and that ade- 
qua te  h e a t  s ink inq  be provided t o  Prevent  exces s ive  temperature  
r i s e  i n  t h e  p i ece .  
5-0 Therrnionic Diode Sensor  
The t h e r m i o n i c  d iode  s e n s o r  c o n s i s t s  o f  an  e m i t t e r  hous inq 
assembly ,  a c y l i n d r i c a l  Lucalox ce ramic  b a s e ,  and a  mounting 
ring for  i r l s t a l l a t i o n  o f  t h e  s e n s o r  i n  t h e  t r a n s d u c e r  main hous- 
i n g ,  A blow-up o f  t h e  s e n s o r  i s  shown i n  F i g u r e  9 9 .  
The f o l l o w i n g  s t e p s  a r e  performed i n  t h e  f a b r i c a t i o n  o f  t h e  
sensor:  
I. The h e a t e r  s t r u c t u r e  i s  c a s t  i n t o  t h e  emitter  housinq.  
2 .  The e m i t t e r s - a r e  b razed  i n t o  t h e  e m i t t e r  hous inq .  
3 ,  The Lucalox ce ramic  b a s e  i s  machined and m e t a l l i z e d  t o  
p r o v i d e  t h e  r e f e r e n c e  c o l l e c t o r  s u r f a c e  and a  s u r f a c e  
t o  which t h e  s e n s o r  mountinq r i n g  i s  b razed .  
4. The completed emitter  hous inq  assembly i s  mounted on t h e  
Lucalox b a s e  and a  thermocouple  i s  i n s t a l l e d  t o  measure 
t h e  emitter  t e m p e r a t u r e .  
5 . 1  C a s t  Hea te r -Emi t t e r  Assembly 
The e l e c t r i c a l l v  h e a t e d  t h e r m i o n i c  emitter  assembly i s  de- 
siqned t o  w i t h s t a n d  shock and v i b r a t i o n  l o a d i n q  and p r o v i d e  improved 
heat t r a n s f e r  between t h e  e lec t r ic  h e a t e r  and t h e  t h e r m i o n i c  e m i t -  
ters. S i z e  and weiqht  a r e  k e p t  t o  a  minimum. The assembly incorp-  
orates t w o  e m i t t e r s .  
The molybdenum emitter h o u s i n a  c o n t a i n s  a n  i n t e r n a l  c a v i t v  
into which  t h e  e l e c t r i c  h e a t e r  i s  c a s t .  The e m i t t e r s  a r e  t h e n  
brazed t o  o p p o s i t e  f a c e s  of  t h e  housing.  A homoqeneous c a s t  s t r u c -  
ture a s s u r e s  shock and v i b r a t i o n  r e s i s t a n c e  w h i l e  p r o v i d i n q  maxi- 
mum heat t r a n s f e r .  
After  initial machininq o f  cne  e m i t t e r  ilousing , t i h e  i-fit=rfial 
c a v i t v  i s  formed by e l e c t r i c - d i s c h a r q e  machining.  To reduce  embr i t -  
t l e m e n t  and t h e r e b y  o b t a i n  l o n q e r  h e a t e r  l i f e ,  a  W-3Re h e a t e r  i s  
used.  F i g u r e  100 p r e s e n t s  t h e  p e r t i n e n t  inFormat ion  on t h e  heater 
assembly.  
The h e a t e r  u s e s  0.003 i n c h  d i a m e t e r  W-3 R e  w i r e  wound on 
a 0.004 i n c h  d i a m e t e r  mandrel .  I t s  undeveloped l e n g t h  i s  2 - " % / I 6  
inch .  The developed d imens ions  a r e  shown i n  F i q u r e  100,  The  0 - 5  
i n c h  p i g t a i l s  a r e  used f o r  h a n d l i n q .  Two e x t e r n a l  heater leads, 
1.75 i n c h  l o n q ,  a r e  p r e p a r e d  from 0.012 i n c h  d i a m e t e r  rhenium 
w i r e .  One end o f  e a c h  l e a d  i s  ground t o  a  d i a m e t e r  o f  0 , 0 0 4  i n c h  
f o r  a  0.040 i n c h  l e n q t h .  The two p i g t a i l s  a r e  c u t  from the heater 
and t h e  h e a t e r  i s  trimmed t o  a  f i n i s h e d  l e n q t h  o f  0.75 i n c h ,  
The ground ends  o f  t h e  rhenium l e a d s  a r e  i n s e r t e d  i n t o  t h e  ends  
o f  t h e  h e a t e r  c o i l  and spot-weld j o i n t s  a r e  made u s i n s  tweezer 
e l e c t r o d e s .  The j o i n t s  a r e  i n s p e c t e d  under  a  microscope t o  cheek 
t h e  q u a l i t y  o f  t h e  welds .  
The h e a t e r  i s  t h e n  wound on a f l a t ,  grooved al.umina ceramic 
c o i l  form w i t h  t h e - s p o t - w e l d  j o i n t s  a b o u t  half-way down t h e  aim- 
i n a  p i e c e .  The winding o p e r a t i o n  i s  performed under  a  m i c r s s c o ~ e  
and each  t u r n  i s  cemented i n  p l a c e  t o  p r e v e n t  motion of  t h e  heater 
p r i o r  t o  i n s t a l l a t i o n  i n  t h e  emitter housinq c a v i t v .  The w i n d i n q  
ar rangement  i s  shown i n  F i q u r e  100. When t h e  h e a t e r  i s  i n s e r t e d  
i n t o  t h e  c a v i t y  o f  t h e  emitter  h o u s i n s ,  p i e c e s  o f  alumina a r e  p l a c e d  
between t h e  hea - t e r  and t h e  w a l l s  on a l l  f o u r  s i d e s  and a t  the bottom 
o f  t h e  c a v i t v .  These f i l l e r s  p r e v e n t  t h e  h e a t e r  shor t i .na  t o  the 
e m i t t e r  hous inn  d u r i n a  t h e  c a s t i n g  o p e r a t i o n .  The d imensions  and 
r e l a t i v e  placement  of t h e s e  alumina f i l l e r s  a r e  shown i n  F i s u r e  100, 
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The c a s t i n q  o ~ e r a t i o n  i s  performed u s i n q  a  9 5  p e r c e n t  alumina/ 
5 p e r c e n t  b e r y l l i a  m i x t u r e .  The powder mix i s  ~ u t  i n t o  t h e  c a v i t y  
and c a r e f u l l y  shaken down w i t h  a  r u b b e r - t i p ~ e d  v i b r a t o r  t o o l .  
Enough powder i s  used t o  f i l l  t h e  c a v i t y  o v e r  t h e  h e a t e r .  
An  i n d u c t i o n - h e a t i n g  f u r n a c e  i s  used f o r  t h e  c a s t .  The 
f ~ l l o w i n g  p rocedure  i s  used f o r  t h e  f i r s t  c a s t .  
H. Purqe i n  argon f o r  5  minu tes .  
2, Heat i n  argon f o r  10 minu tes  a t  1500°F. 
3 ,  Heat i n  d r y  hydroqen f o r  4 m i n u t e s  a t  1500°F. 
4, Heat  i n  w e t  hydroqen f o r  1 0  minu tes  a t  1750°F. 
5. Heat i n  argon f o r  1 minu te  a t  3200°F. 
6, L e t  c o o l  i n  arqon f o r  1 0  m i n u t e s .  
7, Evacuate  work chamber w i t h  mechanica l  vacuum pump. 
8, B a c k f i l l  w i t h  hel ium and c o o l  f o r  5  minu tes .  
Durinq t h e  c a s t ,  t h e  powder mix w i l l  compact i n  t h e  c a v i t y .  
More t h a n  one c a s t  w i l l  be needed t o  f i l l  t h e  c a v i t y  and r e s u l t  
in a c a s t  f r e e  o f  v o i d s .  For  a l l  a d d i t i o n a l  c a s t s ,  t h e  c a v i t y  
i s  r e f i l l e d  w i t h  t h e  powder mix and t h e  fo l lowinq  p r o c e d u r e  i s  
used ,  
I ,  Purqe i n  arqon f o r  5 minu tes .  
2, Heat i n  d r y  hydroqen f o r  4 minu tes  a t  1500°F. 
3 ,  Heat i n  w e t  hydrogen f o r  5 minu tes  a t  1750°F. 
4, Heat i n  argon f o r  1 minute  a t  3200°F. 
5 ,  L e t  c o o l  i n  argon f o r  1 0  minu tes .  
6, Evacuate  work chamber w i t h  mechanica l  vacuum pump. 
7, B a c k f i l l  w i t h  he l ium and c o o l  f o r  5  minu tes .  
It is not necessary to evacuate the work chamber when c h a n g l n q  
gases. Continuous purging may be used. When the cast has filled 
the cavity sufficiently to completely cover the heater with no 
apparent voids, the assembly is checked electrically for heater 
continuity, resistance (about 2 ohms at room temperature) and 
electrical isolation between the heater and the emitter housinq, 
The casting temperature prohibits the installation of the emitters 
until the casting is *completed, at which time the emitters are 
brazed to the opposite faces of the housing usinq a nickel-oxide/ 
molybdenum alloy. 
Philips Type B impreqnated emitters are used. These emitters 
are of porous tunasten material (partial densitv 79 to 82 percents 
impregnated with a BaO: CaO: Al2O3 mixture in a 5:3:2 mole ratio. 
The emitter dimensions are shown in Fisure 101. When purchased, 
the emitters are subject to the followinq quality control checks, 
1. All emitters of a given batch should be fabricated From 
one piece of porous tunssten. 
2. The emitters are to be serialized and weiqhed before and 
after impregnation. The weight qain (in milliqrams and 
percent) is to be tabulated alonq with the porous and 
impreqnated weiqhts. Qualitv control standards developed 
durins the program indicate the porous and imvreqnated 
weights should ranqe between 142-152 and 150-160 milli- 
grams respectively. There should be an impreqnant pickup 
of 4.5-5.5 percent. 
3 -  A11 e x c e s s  impregnant  shou ld  be removed by u l t r a s o n i c  
w a t e r  b a t h  on ly .  No machining o f  any k i n d  shou ld  be 
done t o  t h e  e m i t t i n g  s u r f a c e .  
4, A m i c r o s c o p i c  examina t ion  ( a t  l e a s t  500X) o f  t h e  e m i t -  
t i n g  s u r f a c e  i s  made p r i o r  t o  b r a z i n q  i n t o  t h e  e m i t t e r  
hous ing.  T h i s  examina t ion  v e r i f i e s  t h e  e x i s t a n c e  o f  a  
uni form,  open p o r e  s t r u c t u r e  f o r  t h e  e m i t t e r .  The 
m i c r o s c o p i c  examina t ion  i s  r e p e a t e d  a f t e r  b r a z i n q  t o  
make c e r t a i n  t h a t  t h e r e  was no b r a z e  coverage  o r  con- 
t a m i n a t i o n  o f  t h e  emitter s u r f a c e .  
Figure 1 0 2  p r e s e n t s  photomicrographs  showing t y p i c a l  e m i t t e r  
surfaces. The e f f e c t  o f  any machininq o r  q r i n d i n q  o f  t h e  emitter  
is clearly shown, a l o n q  w i t h  t h e  r e s u l t s  o f  b r a z e  coverage  o r  con- 
t a m i n a t i o n .  I n  t h e s e  i n s t a n c e s ,  t h e  uni form,  open Dore s t r u c t u r e  
i s  completely d e s t r o y e d .  T h i s  p r e v e n t s  d i s t r i b u t i o n  o f  t h e  i m -  
pregnant over t h e  e m i t t e r  s u r f a c e  and r e s u l t s  i n  t h e  e s t a b l i s h -  
ment of  high work-funct ion  a r e a s .  I f  t h e  work-funct ion  becomes 
s u f f i e i e n t l v  h i g h ,  t h e s e  a r e a s  may become e m i s s i o n - l i m i t e d  caus ing  
malfunction o f  t h e  t h e r m i o n i c  s e n s o r .  
The s e t - u p  used t o  b r a z e  t h e  emitters i n t o  t h e  e m i t t e r  housinq 
i s  shown i n  F i q u r e  1 0 1 .  A powder a l l o y  composed of 2 /3  N i O  and 1 /3  
Mo by weight i s  used f o r  t h e  b r a z e .  The a l l o y  i s  p u t  i n t o  each c a v i t v  
to a d e p t h  of abou t  0.005 i n c h  and t h e  emitters a r e  i n s t a l l e d  and 
clamped i n t o  p l a c e  w i t h  a molybdenum clampinq f i x t u r e .  A s e p a r a t e  
piece of molybdenm i s  p l a c e d  o v e r  t h e  upper emitter ( a c t i v e  
emitter) t o  e re vent it from b e i n g  s c r a t c h e d  by t h e  s ~ r i n s  member 
of t h e  c l a r n ~ i n g  fixture. 4 6  
An induction-heating furnace is used for the braze. IS, is 
advisable to use molybdenum for any sup~ort structures and for 
the susceptor. 
The assembly is fired in hydrogen at 2100°F for 4 minutes, 
and then heated to 2500°F, at which point, furnace power is shut 
off and the piece allowed to cool. As stated before, the erriit- 
ting surfaces are microscopically examined after brazing to verifv 
that no contamination has occurred and a uniform, open pore strue- 
ture still exists. 
5.2 Lucalox Base Assembly 
The base of the thermionic diode sensor is configured frnm a 
piece of Lucalox ceramic. This ceramic is a hiqh-alumina, silica- 
free material well suited for this application. It is comaafible 
with liquid metals and has essentiallv-zero porosity, making it 
suitable for use in vacuum applications. 
As purchased, the material is in rod form with eight 0,021 
inch diameter axial holes (Fiqure 103). When machined for use 
as the sensor base, one end of the ceramic is castellated to 
provide a mountinq for the emitter housinq assembly and a surface 
for the reference collector (Fiqure 104). The grindiny operation 
on the Lucalox is done with a diamond-impregnated qrinding wheel, 
Care must be taken to sauare the corners at the bases of the three 
mountinq posts. This will avoid any interference with the reference 
emitter surface. It is not advisable to attempt any machining 
on the mountinq posts after thev have been established., They 
are auite fragile and may crack. 
A f t e r  g r i n d i n g ,  t h e  ce ramic  i s  f i r e d  i n  an i n d u c t i o n - h e a t i n g  
f u r n a c e  at 2300°F i n  wet hydrogen f o r  1 0  m i n u t e s ,  d r y  hydrogen 
for 5 m i n u t e s ,  and i s  coo led  i n  d r y  hydrogen f o r  15  minu tes .  
The firing o p e r a t i o n  p r e p a r e s  t h e  ce ramic  f o r  m e t a l l i z i n g .  Two 
surfaces a r e  m e t a l l i z e d :  a  band around t h e  ce ramic  t o  which t h e  
sensor mount ins  r i n g  w i l l  be b r a z e d ,  and a  paddle-shaped s u r f a c e  
for t h e  r ~ e f e r e n c e  c o l l e c t o r .  Both o f  t h e s e  s u r f a c e s  a r e  i n d i c a t e d  
i n  Figure 104. 
The m e t a l l i z a t i o n  i s  c o m ~ o s e d  o f  90-92 p e r c e n t  t u n g s t e n ,  
8-10 p e r c e n t  y t t r i a  a l l o y  compounded and p r e p a r e d  i n  t a p e  form. 
T h e  t u n a s t e n / y t t r i a  compound i s  abou t  0.001 i n c h  t h i c k .  The t a p e  
u se s  a Mylar backinq and an  o r g a n i c  b i n d e r  t o  f i x  t h e  m e t a l l i z i n g .  
The m e t a l l i z a t i o n  i s  done i n  an  i n d u c t i o n  - h e a t i n g  f u r n a c e  
&sing the f o l l o w i n g  p rocedure .  
1. Remove t h e  Mvlar back inq  from t h e  t a ~ e ,  a n p l y  hexalon t o  
t h e  ce ramic  s u r f a c e  ( t o  d i s s o l v e  t h e  t a p e  b i n d e r )  and 
a p p l y  t h e  t a p e  t o  t h e  ceramic .  
2 .  F i r e  i n  a i r  a t  700°F f o r  30 minu tes .  
3 ,  F i r e  i n  w e t  hydrogen a t  2200°F f o r  20 minu tes .  
4. F i r e  i n  d r y  hydrogen a t  2200°F f o r  5  minu tes .  
5 ,  F i r e  i n  argon a t  3150°F f o r  40 minu tes .  
6 .  Slowly reduce  t h e  t e m p e r a t u r e ,  i n  a rqon ,  t o  below incan-  
descence  (abou t  1000°F) .  
7, Shut  down f u r n a c e  and a l l o w  t o  c o o l  i n  a rgon .  
Followinq m e t a l l i z a t i o n ,  t h e  r e f e rence  c o l l e c t o r  e l e c t r i c a l  
l e a d  and t h e  s enso r  mountinq r i n q  a r e  brazed.  A 2 i nch  l e n g t h  
of  0 . 0 2 0  i nch  d iameter  Nb-1Zr wire  i s  used f o r  t h e  collector 
l e ad .  The smal l  0 . 0 4 0  x  0 . 0 2 0  i nch  s t e p  i n  t h e  Lucalox base i s  
used t o  o b t a i n  maximum braze  a r e a  around t h e  l e a d  and prsvi.de a 
b raze  r e s e r v o i r  f o r  t h e  j o i n t .  The senso r  mounting r i n g  i s  
conf igured t o  e l i m i n a t e  c rack inq  of t h e  ceramic due t o  excessive 
s t r e s s  build-up dur inq  braz ing .  
The braze  a l l o y  used i s  a  40/Ni/40Nb/20Ti powder alloy 
(+325 mesh). To p reven t  o x i d a t i o n  o f  t h e  a l l o v ,  it i s  stored 
i n  an argon-environment g love  box. Before u s e ,  t h e  a l l o y  i s  meas- 
ured o u t ,  i n  s u f f i c i e n t  q u a n t i t y  t o  perform t h e  d e s i r e d  b raze ,  
i n t o  a  b o t t l e  and methyl c e l l u l o s e  i s  added, j u s t  cove r in s  t h e  
a l l o y .  The methyl c e l l u l o s e  s e r v e s  a s  a  v e h i c l e  f o r  t h e  alloy 
and a f f o r d s  o x i d a t i o n  p r o t e c t i o n  when t h e  a l l o y  i s  removed from 
t h e  glove box. The a l l o y  i s  a p p l i e d ,  i n  s l u r r y  form, t o  t h e  b raze  
a r e a s  us ing  e i t h e r  a  brush o r  s t i c k  a p p l i c a t o r .  
Both braze  j o i n t s  a r e  made t o g e t h e r  i n  an induc t ion-hea t ing  
furnace  us ing  a  molybdenum suppor t  s t r u c t u r e  and suscep to r  a s  
shown i n  Figure  X05. The braze  i s  done i n  vacuum a t  2 1 0 0 ° F .  
I f  t h e  braze  does no t  flow a t  2100°F, t h e  temperature  i s  raised 
s lowly u n t i l  v i s i b l e  f lowinq o f  t h e  braze  m a t e r i a l  t a k e s  p lace ,  
The assembly i s  cooled f o r  30 minutes i n  vacuum, followed by 
1 0  minutes i n  argon and 5  minutes i n  helium. 
Both braze j o i n t s  a r e  examined under a  microscope t o  a s su re  
qood braze  wet t ing  and a cont inuous,  homogeneous j o i n t .  Any ex- 
cess braze m a t e r i a l  mav be removed by c a r e f u l  a b r a s i v e - a i r  b l a s t -  
i n g ,  
5 - 3  Sensor Assembly 
The thermionic  diode senso r  i s  c o m ~ l e t e d  bv mountins t h e  e m i t t e r  
housinq assembly on t h e  Lucalox ceramic base.  I n i t i a l  assembly 
i s  made by mountinq t h e  e m i t t e r  housinq assembly on t h e  t h r e e  
mounting p o s t s  of  t h e  Lucalox. The housing i s  he ld  t o  t h e  Lucalox 
by three smal l  b o l t s  through t h e  mounting t a b s  o f  t h e  e m i t t e r  
housinq. These b o l t s  pas s  through t h e  ho le s  i n  t h e  Lucalox and 
are  secured on t h e  oppos i t e  end bv matchina n u t s .  Before i n s t a l -  
lation, t h e  b o l t s  a r e  rhenium p l a t e d  t o  avoid any ~ o s s i b l e  reac- 
tion between t h e  Nb-1Zr m a t e r i a l  o f  t h e  b o l t  and t h e  hiqh-alumina 
ceramic, Figure  106jhows t h e  g e n e r a l  assembly arrangement. When 
mountinq t h e  e m i t t e r  housinq assembly on t h e  Lucalox base ,  t h e  h e a t e r  
ex t ens ion  l e a d s  must be sha rp ly  and c a r e f u l l y  ben t  s o  t h a t  t hey  do 
n o t  extend beyond t h e  o u t e r  d iameter  o f  t h e  Lucalox and do s l i d e  
without t e n s i o n  throuqh t h e i r  r e s p e c t i v e  ho le s .  These two ho le s  
a re  on e i t h e r  s i d e  o f  t h e  ho le  c a r r y i n g  t h e  r e f e rence  c o l l e c t o r  
lead, 
Once t h e  e m i t t e r  housing assembly i s  mounted on t h e  Lucalox 
base, t h e  r e f e rence  e m i t t e r - c o l l e c t o r  spac inq  i s  e s t a b l i s h e d  
a t  0 , 0 0 6  inch  bv usinq Nb-1Zr shims between t h e  mounting t a b s  
of 'the e m i t t e r  housing assembly and t h e  p o s t s  on t h e  Lucalox 
base. A Fee le r  gaqe i s  used t o  check t h i s  spacing and e s t a b l i s h  
parallelism between the emitter and collector surfaces, Before 
fastening the emitter housing assembly securely to the Luealox 
base, a pre-activation is performed on the two emitters. The emitter 
housing assembly is set about 1/8 inch off the Lucalox base and a 
molybdenum shim is inserted between the reference emitter and col- 
lector. The pre-activation is performed in vacuum (about .los6 
torr) by heating the sensor to 2280°F for 25 minutes. The pre- 
activation is intended as a final cleaninq of the emitter surface 
and allows the gross impurities expelled from the emitters dur- 
ins the first minutes of operation to be pumped away. 
Following the pre-activation, the molvbdenum shim is removed 
and the emitter housing assembly firmly fastened to the LueaLox 
base. One of the Nb-1Zr bolts serves as the electrical connection 
to the emitters. The 0.006 inch reference emitter-collector 
spacinq should be rechecked. 
The final step in assembly of the thermionic diode sensor 
is the installation of the thermocouple used to monitor the emitter 
temperature. This is a W-5Re/W-26Re thermocouple using 0,810 
inch diameter wires and spot-welded to the emitter housins. 
The arrangement of the thermocouple leads are shown in Figure 106, 
Both leads are 4 inches lonq. When the sensor is held with the 
emitter housing assembly upward and the heater leads facing 
away, the W-5Re lead is inserted into the hole to the left of the 
center bolt, from the emitter mountinq rinq end of the sensor, 
The lead is nushed through and brouqht up alongside the emitter 
housing (see Fiquse 106). The W-26 Re lead is brought u~ through 
t h e  h o l e  on t h e  r i q h t  s i d e  o f  t h e  c e n t e r  b o l t ,  b e n t  a c r o s s  t h e  
emitter housing mounting t a b ,  and o v e r  t h e  end o f  t h e  W-5Re 
Lead. The thermocouple  j u n c t i o n  i s  spot-welded a t  t h i s  p o i n t  t o  
t h e  e m i t t e r  hous ing (See F i g u r e  1 0 6 )  . 
The placement  o f  t h e  thermocouple l e a d s  i s  i m p o r t a n t ,  s i n c e  
the W-5Re l e a d  i s  t o o  b r i t t l e  t o  be s u b j e c t e d  t o  any bendinq.  
The t h e m i o n i c  d i o d e  s e n s o r  i s  now f i n i s h e d  and ready  t o  be i n -  
stalled i n  t h e  t r a n s d u c e r  main housing.  P r i o r  t o  t h i s  i n s t a l l a -  
t i o n ,  t h e  s e n s o r  s h o u l d  be k e p t  i n  a vacuum environment  t o  p r e v e n t  
any p o s s i b l e  con tamina t ion  of  t h e  emitter  s u r f a c e s .  
6.0 Metal-Ceramic Seal 
One of the proqram qoals was to develop a suitable electrical 
terminal design. This desiqn requires the use of metal-ceramic 
seal techniques capable of maintaining vacuum integrity under 
hiqh-temperature conditions. In addition, the electrical t e r m i n a l  
also must serve as a back-up seal. In the event of pressure capsule 
failure, the metal-ceramic seal must be able to withstand liquid 
metal attack and protect the inteqritv of the liuuid metal % o a ~  
in which the pressure transducer is installed. 
Early in the proqram, investiqations into the properties 
of several ceramic materials and tests performed on preliminary 
metal-ceramic con+igurations led to the choice of Lucalox ceramic, 
a hiqh-purity (99.9 percent) alumina material. Its pro~erties 
include compatibility with licruid metals and essentially- zero 
porosity, makinq it suitable for high-vacuum rise. 
6.1 Seal Test Proqram 
Durinq the proqram, two metal-ceramic seal- an~roaehes were 
evaluated. Both used Lucalox ceramic in conjunction with the 
refractory alloy Nb-1Zr. 
1. The initial electrical terminal configuration obtained 
for evaluation is shown in Figure 107. This terminal 
was subjected to three consecutive test cycles with the 
following parameters. 
400 hours, 1800°F, 300 psia external arqon pressure 
400 hours, 1800°F, 600 psia external argon pressure 
400 hours, 1800°F,1000 ~ s i a  external arqon pressure 
N o  e l e c t r i c a l  o r  mechan ica l  f a i l u r e  was obse rved  d u r i n q  
t h e  c o u r s e  o f  t h e  t e s t .  Four of  t h e s e  t e r m i n a l s  were 
a l s o  i n c l u d e d  i n  t h e  ~ o t a s s i u m  c o m p a t i b i l i t v  t es t  Drogram 
( s e e  S e c t i o n  7 . 0 ) .  
2 .  To extend t h e  Lucalox/Nb-1Zr s e a l  t e c h n i q u e s  t o  t h e  p o i n t  
where t h e y  cou ld  be used wi th '  c o n f i d e n c e  i n  t h e  t r a n s d u c e r ,  
a  second,  more q e n e r a l  c o n f i a u r a t i o n  was e v a l u a t e d  u s i n g  
m e t a l l i z a t i o n  and b r a z i n g  p r o c e d u r e s  developed i n  our  
l a b o r a t o r i e s .  The t e s t  sampde ( F i q u r e  1 0 8 ) ,  a s  w i t h  t h e  
e l e c t r i c a l  t e r m i n a l s  mentioned above,  c o n t a i n e d  Nb-1Zr/ 
Luealox s e a l s .  The Lucalox was m e t a l l i z e d  w i t h  a  tungs ten-  
y t t r i a  compound and a n i c k e l / n i o b i u m / t i t a n i u m  b r a z e  
m a t e r i a l  was used.  A l i f e  t e s t  was conducted on t h e  
t e s t  samnle u s i n g  t h e  f o l l o w i n q  s c h e d u l e .  
1 0 0 0  h o u r s ,  1800°F, 500 p s i a  i n t e r n a l  a rqon p r e s s u r e  
PO0 h o u r s ,  1800°F, 600 p s i a  i n t e r n a l  arqon p r e s s u r e  
100 h o u r s ,  1800°F, 700 p s i a  i n t e r n a l  a rqon p r e s s u r e  
1 0 0  h o u r s ,  1800°F, 800 p s i a  i n t e r n a l  a rqon p r e s s u r e  
L O O  h o u r s ,  1800°F,  900 p s i a  i n t e r n a l  a rqon p r e s s u r e  
1000 h o u r s ,  1800°F, 1000 p s i a  i n t e r n a l  a rqon p r e s s u r e  
T h i s  t e s t  r e p r e s e n t e d  a  more s t r i n q e n t  e v a l u a t i o n  t h a n  
t h a t  performed on t h e  t e r m i n a l s  d e s c r i b e d  above. I n t e r n a l  
p r e s s u r i z a t i o n  was used ,  r e s u l t i n a  i n  t e n s i l e  stress on 
t h e  s e a l s .  
The external pressurization applied to the terminal 
configuration produced com~ressive stress components 
which tended to maintain the seal inteqrity. 
At the end of the life test, the seal was still intact 
and preparations were being made to raise the temperature above 
1800°F when the test was terminated by a failure in the weld 
between the arqon pressurization tubing (Nb-1Zr) and a Nh-%Zr 
disk, not involving the metal-ceramic joints under test. No 
electrical or mechanical failure was observed durinq the test. 
Metallographic and X-Ray microprobe analyses of the test sample 
are presented in the following section. 
6.2 Metal-Ceramic Seal Evaluation 
The metal-ceramic joining technique to be used in the trans- 
ducer was tested to failure as described in Section 6.1. Thg t e s t  
sample contained seals between Lucalox and Nb-1Zr. The LucaLox 
was metallized with a tunqsten/yttria com~ound and brazed with a 
nickel/niobium/titanium allov. A sketch of the test seal section 
after test is shown in Figure 109. 
As seen in Figure 109 the failure occurred in the distended 
pressurizing tube which had been recrystallized by the h e l i a r c  
weldinq. The seal was removed from the test fixture a.nd micro- 
scopically examined. The location of the leak was determined bv 
helium leak check and then pin-pointed bv internal pressure and 
soap bubble technique. 
The two bulqed end plates and distended tube were measured 
to determine the amount of movement which had taken place. 
The center of the lower end plate had been displaced 0.010 inch. 
The upper end plate with welded tube had been dis~laced 0.022 
inch, The pressure tube had distended in the recrvstallized 
area from 0.090 inch OD to 0.107 inch OD. Its wall thickness 
was thinned in the area of failure from 0.007 to 0.003 inch. 
6.2,1 Metallographic Analysis 
The seal was sectioned and prepared for metallographic 
examination, Photomicrographs were taken of various areas of 
the section. 
The areas of the seal that are shown in the photomicro- 
graphs are indicated in Figure 109. The photomicrographs are 
shown in Figures 110 to 122 inclusive. They have been arranged 
in 4 groups as indicated in Table 10. 
The ~hotomicrographs of the metal-ceramic interface of the 
upper end plate are shown in Figures 110 to 116 and represent 
areas 4 and I1 of Figure 109. The Nb-1Zr end plate is shown 
with a portion of the bonded Lucalox on each side. The Lucalox 
appears black in the photos. 
In traversing from Lucalox to the Nb-1Zr member the follow- 
































































































































































































































































































































































































































































































































































2 Tunqsten m e t a l l i z i n g  
3 ,  G l a s s  and c r y s t a l  i n c l u s i o n s  
4, Reac t ion  zone between t u n g s t e n  m e t a l l i z i n s  and Nb-1Zr 
Area I11 i s  r e p r e s e n t e d  i n  ~ i a u r e  117 which shows t h e  
c e n t r a l  p o r t i o n  o f  t h e  lower  end p l a t e  bulqed 0.010 i n c h  d u r i n g  
t e s t .  
F i q u r e s  118 and 122 show photomicrographs  o f  Area I V  a s  
i n d i c a t e d  i n  F i g u r e  109. 
A s  i n  Area I ,  a r e a  I V  shows t h e  Nb-1Zr b r a z e d  between t h e  
t w o  L,ucalox members. F i q u r e s  119 and 120 i n  p a r t i c u l a r  show t h e  
meta l -ceramic  j o i n t  a t  t h e  i n s i d e  s u r f a c e s  o f  t h e  two lower  Luca- 
lox rinqs, They a r e  a d j a c e n t  f i e l d s ,  and i f  p l a c e d  t o g e t h e r  
a t  r e f e r e n c e  marks ,  form a c o n t i n u o u s  pho to .  
F i q u r e s  120 and 122 show p o r t i o n s  o f  F i g u r e  118 a t  200X 
and 508X m a g n i f i c a t i o n ,  r e s p e c t i v e l y .  F i q u r e  122 was p r i n t e d  by 
""dodging" o r  shad ing  t h e  n e g a t i v e  d u r i n q  p r i n t i n g  s o  a s  t o  r e v e a l  
t h e  s t r u c t u r e  o f  t h e  Lucalox a s  w e l l  a s  t h a t  o f  t h e  m e t a l .  Th i s  
p a r t i c u l a r  s e c t i o n  was s e l e c t e d  f o r  t h e  X-ray microprobe  t r a v -  
erse d e s c r i b e d  i n  a l a t e r  s e c t i o n  o f  t h i s  r e p o r t .  
B y  comparing t h e  r e l a t i v e  g r a i n  s i z e s  o f  t h e  Nb-1Zr t u b e  
plate ( F i g u r e s  113 and 115) and b lank  end p l a t e  ( F i q u r e  117)  
it i s  seen  t h a t  t h e r e  i s  a marked d i s p a r i t y  between t h e  two p i e c e s .  
The grain s i z e  i n  t h e  b lank  end p l a t e  ( F i g u r e  117)  i s  non-uniform 
but f a l l s  i n  t h e  range  0.001 t o  0.008 i n c h  d i a m e t e r .  On t h e  
o t h e r  hand,  i n  t h e  t u b e  p l a t e  ( F i q u r e s  113 and 115)  the grains 
a r e  s o  e n l a r g e d  t h a t  t h e  0.018 i n c h  t h i c k  Nb-1Zr s h e e t  i s  essen-  
t i a l l y  one g r a i n  t h i c k .  However, t h e r e  a r e  a  few much smaller 
g r a i n s  on one s u r f a c e  o f  t h e  m e t a l .  The e n l a r q e d  g r a i n  qrowth 
i s  c o n s i d e r e d  t o  have o c c u r r e d  d u r i n g  t h e  h e l i a r c  welding of 
t h e  t u b e  t o  t h e  t u b e  p l a t e .  The l a y e r  o f  s m a l l  g r a i n s  i s  due t o  
t h e  p r e s e n c e  o f  s u r f a c e  c o n t a m i n a t i o n ,  p robab ly  oxygen, w h i c h  
e x e r t e d  an  i n h i b i t i n s  e f f e c t  on g r a i n  qrowth. The s m a l l e r  
o v e r a l l  q r a i n  s i z e  i n  t h e  b l a n k  end p l a t e  presumably occurred 
d u r i n g  a n n e a l i n q  when b r a z i n q  t h e  assembly.  
The s t r u c t u r e  o f  t h e  a c t u a l  meta l -ceramic  j o i n t s  i s  r a t h e r  
complex. The l a y e r s  a d j a c e n t  t o  t h e  Lucalox ( t h e  LucaLox appears 
b l a c k  i n  a l l  t h e  F i g u r e s  e x c e p t  F i q u r e  122)  o r i q i n a l l y  consisted 
o f  a  t u n g s t e n / y t t r i a  powder m i x t u r e ,  which was f i r e d  o n t o  t h e  Luca- 
l o x .  The Nb-1Zr w a s  t h e n  b r a z e d  w i t h  t h e  Ni/Nb/Ti b r a z i n g  a l l o y .  
Photomicrographs o f  t h e  r e s u l t a n t  j o i n t s  show t h a t  n e a r l y  all t h e  
y t t r i a  h a s  m i q r a t e d  o u t  o f  t h e  o r i g i n a l l y  porous  t u n q s t e n  s t r u c t u r e  
and t h a t  t h e  b r a z i n g  a l l o y  , o r  c e r t a i n  e l e m e n t s  c o n t a i n e d  i n  
i t ,  f i l l e d  t h e  r e s u l t i n q  v o i d s  i n  t h e  t u n q s t e n .  There i s  some 
i n d i c a t i o n  t h a t  t h e  b r a z i n q  a l l o y  a l s o  p e n e t r a t e d  t h e  Nb-lZr 
i+& 
s u b s t r a t e  f o r  a  s h o r t  d i s t a n c e ,  i n , o r d e r  o f  0.001 t o  01.002 i n c h ,  
p r i m a r i l y  a long  t h e  q r a i n  b o u n d a r i e s .  A t  t h e  same t ime  o r  shortly 
a f t e r w a r d s ,  t h e r e  a p p e a r s  t o  have been a  r e a c t i o n  between t h e  
r e s i d u a l  b r a z i n g  a l l o y  and t h e  y t t r i a  which had m i q r a t e d  t o  t h e  
surface of the tunasten to form a complex qlass, or mixture of 
glasses. This glassv layer then appears to have penetrated the 
g r a l n  boundaries of the Nb-1Zr in the wake of the brazing alloy, 
in such a way as to form a nearly continuous laver between the 
metallizing and the Nb-1Zr. It also seems from the sinuous shape 
of- the Lucalox/tunqsten interface that the tungsten/yttria metal- 
lizing sinter conformed to the surface of the Lucalox, erodinq 
it into a sieries of small depressions. These depressions do not 
appear to be associated with the grain boundaries of the Lucalox 
(See Figure 122). Therefore the metal-ceramic seal consists of a 
series of interlocking or dovetailing lavers which form a seal 
sf exceotional integritv and strength. 
In addition there is evidence of diffusion, probably of 
oxygen, from the glass laver into the Nb-1Zr substrate. The 
diffusion of the brazing alloy and the constituents of the vttria 
into the tungsten metallizing caused delta-shaped "islands", qrain 
boundarv networks, and possiblv a fine precipitate within the 
tungsten laver. 
The layer of glass in some places aDpears to consist of several 
phases. 
%he structure of the seal shows an excessive amount of glass. 
Since this seal was only examined after 2400 test hours at 1800°F, 
it is not possible to determine the cause and extent of the dif- 
fusion of the different phases. Diffusion of some kind could 
have taken place during either the metallizinq, the brazing opera- 
tion, or the life test. 
6 0  
Explanation of the structure is rather difficult in view of 
the fact that much OF the diffusion mechanism consisted of a 
liquid or viscous phase percolating throuqh a porous structure, 
and infiltration in the opposite direction by a liquid alloy. 
In all the sections of this seal examined, no evidence was 
observed of crackinq, separation, peeling or exfoliation of any 
of the layers comprisinq the seal. Most noteworthy are the see- 
tions illustrated in Figures 119 and 120 which show the border 
of the metallizinq at the inner face of the Lucalox rings. The 
metallizing at these borders was subjected to the most severe 
stress, so much so that the Nb-1Zr blank end disc bulged under 
the test pressure without causing the metallizinq to peel or 
crack. 
6.2.2 X-Ray Mieroprobe Analysis 
An X-ray microprobe analysis was performed on a section sel- 
ected to give optimum analysis of the phases observed in the photo- 
microgra~hs. The trace traverse corresponds to the vertical Pine 
shown on Figure 122 running from Lucalox to Nb-1Zr. The traces 
given in Fiaures 123 to 125 have been displayed so that the r i q h t  
hand side of the trace corresnonds to the-top of the line indicated 
in Figure 122. 
The elements analyzed for were W, Nb, Ni, Al, Y, and Ti, 
An accelerating potential of either 25 or 30 kilovolts was used. 
With a carbon-covered specimen, the current was 0.05 microampere. 
The variations in analysis across the section were recorded con- 
tinuously, with marker pulses beins recorded at 20 micron inter- 
vals. 
The t r a c e  i n  F i g u r e  123 was recorded  u s i n q  a  l i t h i u m  f l u o r -  
ide c r y s t a l  a t  2 5  k i l o v o l t s  a c c e l e r a t i n g  p o t e n t i a l .  The t r a c e s  
shown i n  F i y u r e s  1 2 4  and 125 were r e c o r d e d  u s i n g  an ADP (ammonium 
di -hydrogen phospha te )  c r y s t a l  w i t h  a  4 "  radium a t  30 k i l o v o l t s  
a c c e l e r a t i n g  p o t e n t i a l .  
A n e g a t i v e  p r i n t  from a  photomicrograph r e p r e s e n t i n g  t h e  same 
a r e a  t r a v e r s e d  by t h e  beam i s  shown i n  e a c h  f i q u r e ,  t h e  photographs  
being l i n e d  up a s  c l o s e l y  as  p o s s i b l e  w i t h  t h e  microprobe  t r a c e .  
The upper  edge o f  t h e  p r i n t  r e p r e s e n t s  t h e  l i n e  a c t u a l l y  t r a v e r s e d .  
An exact match was n o t  f e a s i b l e  s i n c e  t h e  t r a c e s  and photograph had 
t o  be e n l a r g e d  o r  reduced f o r  r e p r o d u c t i o n .  The p o r t i o n s  o f  t h e  
microprobe  t r a c e s  shown a t  t h e  r i g h t  hand s i d e  o f  each t r a c e  w i l l  
be d i s c u s s e d  i n  g r e a t e r  d e t a i l  a s  t h e y  r e p r e s e n t  t h e  s t a r t  o f  t h e  
t r a v e r s e  which a p p e a r s  i n  F i g u r e  122. The o p p o s i t e  ends  of t h e  
t r a c e s  a r e  s i m i l a r  i n  form b u t  n o t  i d e n t i c a l ,  and do n o t  appear  
i n  F i g u r e  1 2 2 .  
Each t r a c e  i s  indexed w i t h  a  l i n e  marked "edge" ,  which 
r e p r e s e n t s  t h e  i n t e r f a c e  between t h e  Lucalox and t h e  m e t a l l i z i n g ,  
a l s o  a  ""background l e v e l "  f o r  t h e  e lement  b e i n g  ana lyzed .  The 
height of t h e  t r a c e  above t h e  "background l e v e l "  i n d i c a t e s  t h e  r e l a -  
tive amount o f  t h e  e lement  p r e s e n t .  The marker  p u l s e s  w e r e  . 
masked off d u r i n q  r e p r o d u c t i o n  o f  t h e  t r a c e s ,  b u t  e a c h  major  d i v i -  
sion of t h e  t r a c e  r e p r e s e n t s  20 m i c r o n s ,  o r  5 major  d i v i s i o n s  
r e p r e s e n t  approximate lv  0.004 i n c h .  
I n  some p l a c e s  where t h e  m a t e r i a l  i s  known t o  be o f  e s sen-  
tiallv c o n s t a n t  compos i t ion ,  e . g . ,  i n  t h e  c e n t e r  o f  t h e  Nb-1Zr 
member, some ~eaks and valleys are observed. These are not peaks 
representing a change in composition, but. are topographic features 
caused bv discontinuities in the surface such as pits, grain 
boundaries, etc. 
The traces of the different layers comprisinq the seal will be 
discussed separately in the followinq paraqraphs: 
a. Lucalox Layer 
It is seen from all 6 traces that there is a sharp demarc- 
ation between the Lucalox and the metallizing. Except 
for a small Ti peak, which is arobablv topographic, there 
is no evidence of diffusion of any OF the elements inves- 
tigated into the Lucalox beyond the metal/Lucalox inter- 
face, although the photomicrograph shows irregular a t t a c k  
of the Lucalox by the metallizinq. 
b. Tunqsten Metallizing Laver 
The traces show the major elements present are W, Nb, 
and Ni. There is a remarkable similarity in the shapes 
of the W, Nb, and Ni traces which suqqest an alloy of 
essentially uniform composition, i.e., a solid solution, 
Two sharp A1 and Y peaks are present which presumably could 
represent the two rounded particles of glass observed 
in the photomicrograph of the tungsten laver (see F i s u r e  
122). Ti is present in small auantities. 
This layer, which is the major component of the reaction 
zone, appears to be composed of a hiqh pronortion oF aluminum 
oxide, since the peaks are auite hiqh in comnarison to 
t h e  Lucalax peak ,  which r e p r e s e n t s  e s s e n t i a l l y  p u r e  A 1 2 0 3 .  
S t e e p  peaks  a r e  a l s o  p r e s e n t  f o r  Nb, T i ,  N i ,  and Y i n d i c a t -  
inq t h a t  t h e s e  e l e m e n t s  a r e  l o c a l i z e d  i n  t h e  q l a s s  a r e a  
i n  a  non-uniform manner. 
d. Nb-1Zr Laver 
Although a  p e n e t r a t i o n  zone can be seen  between t h e  g l a s s  
l a y e r  and t h e  Nb-1Zr i n  t h e  photomicroqraphs ,  t h e  micro-  
p robe  t r a c e s  do n o t  i n d i c a t e  d i F f u s i o n  o f  any o +  t h e  e l e -  
ments  ana lyzed  from t h e  g l a s s  l a y e r  i n t o  t h e  Nb-1Zr. 
The p e n e t r a t i o n  zone might  be  caused bv t h e  p e n e t r a t i o n  
of oxygen i n t o  t h e  Nb-1Zr. 
A l a r g e  number o f  t e s t  m e l t s  have been made where Ni/Nb/Ti 
alloys have been mel ted  i n  s m a l l  c r u c i b l e s  o f  Nb-1Zr a l l o y .  I n  
each ease, r r ie ta l loqraphic  examina t ion  showed t h a t  t h e  mol ten  a l l o y s  
had a t t a c k e d  t h e  Nb-1Zr c r u c i b l e  w i t h  l i t t l e  o r  no e v i d e n c e  o f  
i n t e r g r a n u l a r  a t t a c k .  
However, t h e  photomicrographs  p r e s e n t e d  i n  t h i s  r e p o r t  i n d i c a t e  
that the Nb-.lZr s u b s t r a t e  h a s  been a t t a c k e d  p r i m a r i l y  i n  an i n t e r -  
c r y s t a l l i n e  manner by t h e  q l a s s  formed i n  t h e  m e t a l l i z i n g  o p e r a t i o n .  
I t  would a p p e a r  t h a t  t h e  p r e s e n e e  o f  t h e  oxvgen e x e r t e d  a  marked 
effect on t h e  a b i l i t v  oF t h e  Ni/Nb/Ti a l l o y  t o  a t t a c k  t h e  Nb-1Zr 
s u b s t r a t e ,  I t  i s  f e l t  t h a t  t h e  Nb-1Zr s u b s t r a t e  was a t t a c k e d  by 
oxygen, p r i m a r i l y  a lonq  t h e  q r a i n  b o u n d a r i e s ,  and t h a t  t h e  Ni/Nb/Ti 
alloy t h e n  a t t a c k e d  t h e  s u b s t r a t e ,  f o l l o w i n q  t h e  oxygen-r ich  
paths prov ided  by t h e  g r a i n  boundar ies .  The r e s u l t  was t o  produce 
i n t e r g r a n u l a r  p e n e t r a t i o n  o f  t h e  s u b s t r a t e  f o r  a  s h o r t  d i s t a n c e  
bv t h e  glassy phase .  T h i s  p e n e t r a t i o n  was n o t  of such  an  e x t e n t  
t o  be harmful b u t  se rved  t o  b i n d  t h e  l a v e r s  t o q e t h e r .  
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6.3 Seal Thermal Cvclina Tests 
As a final step in certifying the Lucalox/Nb-1Zr s e a l  teeh- 
niques for use in the pressure transducer, a third seal confiqura- 
tion was prepared and subject to a thermal cycling test. The 
configuration, shown in Fiqure 126, used a. Lucalox  lug metallized 
with the tungsten/vttria compound and brazed to a Nb-1Zr tube with 
the Ni/Nb/Ti braze alloy. A seven degree taper was chosen for the 
Lucalox and Nb-1Zr braze areas. 
The thermal cycling test was performed accordinq to the f o l -  
lowing schedule: 
10 cycles 1472OF ( 800°C) in flowinq argon; leak tight 
10 cycles 1832OF (lOOO°C) in flowins argon: leak tight 
10 cycles 2192OF (1200°C) in flowing argon; leak tight 
5 cycles 2552OF (1400°C) in flowing argon; leak tight 
10 cycles 2552OF (1400°C) in flowing argon; leaked 
Relatively short cycle times were used; six minutes to attain 
temperature, one minute at temperature, three to five minutes to 
cool to about 500°F. The seal was helium leak-tested after each 
of the sets of cycles outlined above. 
The testins demonstrated the accentibility of the seal for 
use in the pressure transducer temperature environment (B8005F1, 
Test temperatures in excess of 1800°F were introduced to evaluate 
the upper limits of seal operation. 
The fact that the seal was cycled between 35 and 44 times 
at temperatures ur, to 2 5 5 2 O F  before failure indicated that 2552OF 
was not the upper operating temperature of this seal. While the 
initial melting point of the Ni/Nb/Ti braze alloy was 2300 to 
2450°P, it appeared that its remelt temperature was about 2700 
to 2900"F, since no remelting was observed durinq the testinq. 
7.0 Liquid Metal Comnatibility 
As part of the overall transducer effect, a proqrm was 
developed to evaluate the potassium compatibility of the four 
candidate alloys (C-129Y, FS-85, T-222, W-25Re) and the metal- 
ceramic seals. The program included preparation of test samples, 
actual test procedures, and ~ost-mortem testinq. The program was 
defined as follows. 
1. Preparation of Test Capsules 
a. obtain a chemical analysis of the capsule materials, 
b. Obtain a chemical analysis of potassium batch, 
c. Fill the test capsules with potassium and identify 
the capsules. 
d. Weigh the completed test caosules. 
2. Test Procedure 
a. Install the test capsules into the compatibilitv test 
chamber. 
b. Raise test chamber temperature to 1800°F. At no time 
shall the chamber Dressure exceed 10'5 torr. For chmber 
tem~eratures above 70O0F, the chamber pressure shall 
not exceed 5 x torr. 
c. Maintain test chamber temperature at 1800°F for a 
period of 100 hours. This will establish a notassim 
vapor pressure inside the test capsules OF about 80 
psia. After 100 hours, brinq the test chamber to 
room temperature. 
d. Perform 2.c above five times to accumulate a total of 
500 hours operation at 1800°F. 
e, Remove the test capsules from the test chamber. 
3 ,  Post-Mortem Tests 
a. Weigh the test capsules. 
b e  Visually inspect the test 'capsules for possible failures. 
c. Extract the potassium from the test capsules and per- 
form a chemical analysis on the ~otassium. 
d.  Test the cansules for leakage on a mass spectrometer. 
e. Cut up, section and perform metallographic examination 
of diaphragms, weld joints, braze joints, ceramics, 
etc. 
f. Perform chemical or microprobe analysis of any corroded 
layers indicated in 3.e above. 
Perfonming individual compatibility tests on each capsule would 
occupy the Vacuum Test Facility a dispro~ortionate amount of time; 
therefore, a compatibility test chamber was fabricated which held 
ail capsules at the same time. The chamber had a se~arate pumpinq 
system. In design, the chamber was similar to the chambers on the 
Vacum Test Facility. Cylindrical strip heaters, with shielding, 
were sus~ended in the chamber and cooling water coils were used 
around the outside. The capsules were tested at 1800°F, which 
established a potassium vapor pressure of about 80 psia. Thermo- 
couples were used to monitor the temperature of the potassium 
liquid-vapor interface. The temperature of the test ca~sules 
was monitored by optical nyrometry through the chamber viewinq 
window. 
Fiqure  127 shows t h e  i n t e r n a l  components of t h e  c o m p a t i b i l i t y  
t e s t  chamber. Figure  128 shows t h e  t e s t  chamber i n  ope ra t ion  w i t h  
i t s  vacuum system. 
7 .1  Compat ib i l i ty  Tes t ing  
I n i t i a l  c o m p a t i b i l i t v  t e s t i n g  was performed on one sample 
o f  each o f  t h e  cand ida t e  a l l o y s  and fou r  r e ~ r e s e n t a t i v e  metal- 
ceramic e l e c t r i c a l  t e r m i n a l s .  F igure  1 2 9  throuqh 131 show t h e  
des igns .  
To exped i t e  f a b r i c a t i o n  of  t h e  t e s t  dev ices ,  only  one convolu- 
t i o n  was used i n  t h e  Dressure  capsu le s  and t h e r e  was no containment 
housinq around t h e  capsu le s .  A yoke arranqement ac t ed  as a mechanical 
s t o p  a g a i n s t  exces s ive  displacement  and subsequent f a i l u r e  of t h e  
diaphraqm d i s c .  
F iqure  1 2 9  shows t h e  des ign  f o r  t h e  columbium and t a n t a l m  
a l l o y  capsu le s  (FS-85, C-129Y, T-222). The two-piece yoke and 
potassium containment t ube  a r e  made of  FS-85 a l l o y .  
Figure  130 shows t h e  des ign  r e l a t e d  t o  t h e  W-25Re alloy capsu le  
( e l e c t r i c a l  d i s cha rge  machined d i s c s )  and used Mo-5ORe tub ing  a s  a 
t r a n s i t i o n  between t h e  W-25Re capsu le  and t h e  molybdenum yoke and 
TZM potassium containment tube .  A Mo-50 Re r i n g  was a l s o  used as 
a  weld i n s e r t  between t h e  thermocounle we l l  and t h e  p o t a s s i m  
containment tube.  
F iqure  131 shows t h e  e l e c t r i c a l  t e rmina l  t e s t  c o n f i q u r a t i o n ,  
The f i x t u r e  accepted fou r  t e r m i n a l s  ( s e e  Fiqure  107) f o r  t e s t .  
Since  t h e  electron-beam welding o f  t h e  t e r m i n a l  cap was done i n  
a vacuum o f  about Tor r ,  zirconium was i n s e r t e d  i n  t h e  t e rmina l  
assembly t o  a c t  a s  an oxygen q e t t e r .  P r i o r  t o  t h e  a c t u a l  prepara-  
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t i o n  of t h e  c o m p a t i b i l i t v  d e v i c e s ,  mock-ups were prepared  f o r  dummy 
runs t o  e s t a b l i s h  procedures  f o r  potassium charging and capsu le  
c l o s u r e  (electron-beam welding t h e  thermocouple w e l l  t o  t h e  
containment t u b e ) .  
No potassium leakage was observed du r inq  t h e  performance of 
t h e  c o m p a t i b i l i t y  t es t  schedule .  Examination of t h e  t e s t  capsu les  
a f t e r  completion o f  t h e  t e s t  showed no v i s i b l e  s i q n s  o f  f a i l u r e .  
The potassium was removed from t h e  tes t  c a ~ s u l e s  i n s i d e  a vacuum 
purged t o r r )  welding chamber back - f i l l ed  wi th  h igh-pur i ty  
helium. The t o p s  of t h e  t e s t  capsu le s  w e r e  c u t  o f f  and t h e  capsu les  
were-heated t o  150-200°F. The potass ium was d ra ined  from each t e s t  
capsu le  i n t o  a pla t inum d i s h  and, upon removal from t h e  chamber, 
conver ted t o  KC. 
To remove t h e  r e s i d u a l  potassium from t h e  t e s t  c a ~ s u l e s ,  t h e  
d ra ined  capsu le s  were s e a l e d  i n s i d e  a s t a i n l e s s  s t e e l  d i s t i l l a t i o n  
chamber. The d i s t i l l a t i o n  chamber was removed from t h e  welding 
chamber and evacuated t o  1 0 ' ~  t o r r .  The bottom h a l f  o f  t h e  d i s -  
t i l l a t i o n  chamber was hea ted  t o  800°F and t h e  r e s i d u a l  potassi.um 
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was c o l l e c t e d  on an a i r - coo led  f i n q e r  a t  t h e  t o p  of t h e  d i s t i l l a t i o n  "" 
chamber. The t e s t  c a ~ s u l e s  were hea ted  i n  t h i s  manner f o r  72 
hours ,  dur ing  which t ime t h e  p r e s s u r e  remained a t  about  1 0 ' ~  
t o r r .  
Upon removal from the distillation chamber, all five test 
capsules were found to be coated externally with a dark gray film. 
Much of this dark film appeared to be water-soluble and was probably 
caused by condensation of potassium vapor during the distillation 
process. 
7.1.1 Examination of the Test Capsules 
The test capsule containing the electrical terminals was opened 
first. This was done by machininq off the weld bead around the 
rim, extracting the terminals, and then sectioning both the capsule 
and the upper tube by sawing them longitudinally. 
The four pressure compatibility capsules were next sectioned 
by removing the capsules from the upner tube, and then sectioning 
the pressure capsules with a water-cooled cut-off wheel. The 
upper tubes were sectioned longitudinally by sawinq with a band 
saw. 
The longitudinal sections of the four pressure compatibility 
capsules appeared bright and clean, with little or no evidence of 
any attack by the potassium, whereas the inside of the capsule 
containing the terminals was blackened somewhat. When the vertical 
tubes of the pressure compatibility capsules were sectioned, they 
were also found to be slightly blackened. It apnears likely that 
the black film existed inside the pressure capsules; but being 
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water-soluble, the film was removed by the cooling water used 
with the cut-off wheel. 
Figures  132 t o  136 show photographs of t h e  f i v e  t e s t  cap- 
s u l e s  i n  t he  " a s  s ec t ioned"  cond i t i on .  Figure  1 3 2  shows t h e  
terminal capsu le  wi th  one t e rmina l  i n  p o s i t i o n ,  t h e  o t h e r  t h r e e  
terminals having been removed. I t  i s  seen t h a t  whi le  t h e  lower 
part of each t e rmina l  c a v i t v  was h r i g h t  and c l e a n ,  t h e  housing 
showed t r a c e s  of  a  whi te  co r ros ion  product  where t h e  Lucalox 
portion of t h e  t e rmina l  was i n  c o n t a c t  wi th  t h e  housing.  The 
upper tube  showed a  black co r ros ion  produc t  a long i t s  l eng th .  
F igures  133 t o  136 show t h e  p r e s s u r e  c o m p a t i b i l i t y  capsu les  
after sec t ion ing .  I t  i s  seen t h a t  i n  each case  t h e  lower p o r t i o n s  
t h e  p re s su re  capsu les  were c l ean  and almost  f r e e  of  cor ros ion  
w h i l e  t h e  upper p o r t i o n s  showed smal l  amounts of  a  b lack  cor ros ion  
product. A s  desc r ibed  above, t h i s  b lack  coa t inq  could have been 
removed i n  some cases  du r ing  s e c t i o n i n g  t h e  cansu le s  wi th  a  water- 
cooled cut-off  wheel. I n  t h e  C-129Y capsu le  (F igure  133) and t h e  
FS-85 capsu le  (F igure  1 3 4 ) ,  t h e  boss  i n  t h e  c e n t e r  o f  t h e  lower 
diaphragm was found t o  be pressure-welded t o  t h e  l i m i t i n s  s t o p  
a F t e r  t h e  t e s t  a t  1800°F. 
T h e  capsu le  con ta in inq  t h e  e l e c t r i c a l  t e r m i n a l s  was examined 
i m e d i a t e l y  a f t e r  s e c t i o n i n g  l o n g i t u d i n a l l y ,  and then  photographed 
(see F i g u r e  1 3 2 ) .  The lower  p a r t  of t h e  c a ~ s u l e  c o n t a i n i n g  
t h e  e l e c t r i c a l  t e r m i n a l s  was photographed a t  a  h i g h e r  magnif-  
i c a t i o n .  (See  F i q u r e  1 3 7 ) .  F i g u r e  137 shows t h a t  o n l y  t h e  
upper  D a r t  o f  each  c a v i t v ,  which conta. ined one t e r m i n a l ,  w a s  
c o a t e d  on t h e  i n s i d e  i n  v a r y i n g  d e q r e e s  w i t h  a  w h i t e  incrustation 
o f  a  s a l t - l i k e  m a t e r i a l ,   roba ably a  po tass ium o x i d e ,  hydrazide 
o r  c a r b o n a t e .  
Both t h e  Lucalox and m e t a l    arts of  t h e  t e r m i n a l s  showed 
a  f r o s t e d  o r  e t c h e d  appearance  compared w i t h  t h e  " a s  ~ : e c e i v e d "  
t e r m i n a l s .  Each one O F  t h e  f o u r  t e r m i n a l s  t e s t e d  showed long- 
i t u d i n a l  and r a d i a l  c r a c k s  i n  t h e  o u t e r  band o f  Lucalox,  
The f o u r  t e r m i n a l s  w e r e  t h e n  opened by machining o F f  t h e  
FS-85 c a p s  on t h e  lower  ends  o f  t h e  t e r m i n a l s .  Photoqraphs  
o f  t h e  t e r m i n a l s  i n  t h i s  cond. i t ion  a r e  shown i n  F i g u r e  138, - 
Two o f  t h e  t e r m i n a l s  when opened w e r e  found t o  c o n t a i n  t h e  
w h i t e  po tass ium compound obse rved  on t h e  o u t s i d e  o f  t h e  ter- 
m i n a l s .  A l l  f o u r  t e r m i n a l s  w e r e  t h e n  hel ium l e a k  t e s t e d ;  
t h r e e  w e r e  found t o  be l e a k - t i g h t  and one t o  have a  l e a k .  
O f  t h e  t h r e e  u n i t s  t h a t  were found t o  be l e a k - t i g h t ,  one was 
f i l l e d  w i t h  t h e  w h i t e  po tass ium compound. A ~ p a r e n t l v ,  t h e  
e lec t ron-beam weld j o i n i n g  t h e  s m a l l  cap  t o  t h e  t e r m i n a l  
l e a k e d ,  because  t h e  po tass ium compound was o n l y  p r e s e n t  i n  t h e  
very bottom of t h e  t e r m i n a l .  Thus, it a p n e a r s  t h a t  t h r e e  o u t  of  
t h e  four t e r m i n a l s  were l e a k - t i g h t  a f t e r  t h e  t e s t ,  even though 
the o u t e r  band o f  Lucalox w a s  c racked .  
The p r e s s u r e  c a p s u l e s  w e r e  mounted i n  ~ l a s t i c ,  ~ o l i s h e d  
w i t h  emery s t r i p s  and f i n e  diamond n a s t e .  Thev were t h e n  p o l i s h e d  
by a l t e r n a t e l y  e t c h i n g  i n  "mixed a c i d s "  ( e q u a l  p a r t s  H F ,  H2SO4 
and HNO3, d i l u t e d  1:l w i t h  w a t e r )  and hand p o l i s h i n g  on a wheel 
charged w i t h  f i n e  a lumina  and mois tened  w i t h  4 %  ammonium b i - f l u o r i d e  
solution. I n  each c a s e  t h e  FS-85 housinq around t h e  c a p s u l e s  ( o r  
the molybdenum yoke around t h e  W-25Re c a p s u l e )  was removed by 
sawing p r i o r  t o  mounting. The yokes which had been welded a c r o s s  
t h e  bottom of  t h e  hous ings  t o  l i m i t  t h e  d e f l e c t i o n  o f  t h e  c a p s u l e s  
were found t o  be p r e s s u r e  welded t o  t h e  s m a l l  b o s s e s  p r o j e c t i n q  
from t h e  c e n t e r s  o f  t h e  lower  diaphragms i n  t h e  c a s e  o f  t h e  C-129U 
2nd FS-85 c a p s u l e s .  T h i s  d i d  n o t  o c c u r  i n  t h e  T-222 and W-25Re 
Examinat ion o f  t h e  c r o s s - s e c t i o n s  o f  a l l  t h e  p r e s s u r e  c a p s u l e s  
a t  up t o  400X m a q n i f i c a t i o n  showed no e v i d e n c e  o f  a t t a c k  a t  t h e  
i n s i d e  O F  t h e  c a ~ s u l e s  by t h e  po tass ium.  The o n l v  abnormal f e a -  
t u r e  found was t h a t  t h e  c a p s u l e  boss  was p r e s s u r e  welded t o  t h e  
yokes a d e s c r i b e d  above. I n  a d d i t i o n ,  an i n t e r g r a n u l a r  c rack  3 
was obse rved  i n  t h e  o u t e r  s u r f a c e  o f  t h e  T-222 c a n s u l e .  T h i s  
i n t e r g r a n u l a r  c r a c k  o r i g i n a t e d  i n  t h e  r a d i u s  o f  t h e  i n t e r n a l  c o r n e r  
between t h e  c e n t r a l  boss  o f  t h e  lower  dianhraqm and t h e  diaphragm 
p r o p e r ,  and ex tended  inwards  a t  a 45' a n g l e  a ~ ~ r o x i m a t e l y  one- 
t h i r d  of t h e  wav th rough  t h e  diaphragm. (See v i q u r e  1 4 7 ) .  Appar- 
entlY' a machinin4 f a u l t  provided. a s t ress c o n c e n t r a t i n g  n o t c h  i n  t h e  
vicinitv of t h e  b o s s ,  c a u s i n g  t h e  c r a c k -  
Photoqraphs  o f  t h e  p r e s s u r e  c a p s u l e s  a t  3 X  m a q n i f i c a t i o n  
a r e  shown i n  F i q u r e s  139 t o  1 4 2 .  These f i g u r e s  show t h e  g e n e r a l  
arrangmnent  o f  t h e  p a r t s  i n  t h e  p r e s s u r e  c a p s u l e s  and t h e  welds. 
The p r e s s u r e  c a p s u l e s  were n e x t  photoqraphed a t  25X magni f i ca -  
t i o n .  I n  each  c a s e  t h e  a r e a  photographed comprised a s e c t i o n  
o f  t h e  weld j o i n i n g  t h e  diaphragm m a t e r i a l  t o  t h e  t u b e ,  and a l s o  
a p o r t i o n  o f  t h e  lower  diaphragm o p p o s i t e  t h e  weld. It i s  s e e n  
t h a t  i n  e a c h  c a s e  ( F i g u r e s  143 t o  146)  t h e r e  i s  no ev idence  of 
a t t a c k  o f  e i t h e r  t h e  diaphragm m a t e r i a l ,  t h e  t u b e ,  o r  t h e  weld 
nugge t ,  which was composed o f  an a l l o y  o f  t h e  t u b e  and diaphragm 
m a t e r i a l s .  I n  t h e  c a s e  o f  t h e  C-129Y, FS-85 and T-222 c a p s u l e s  
t h e  t u b e  was FS-85, and i n  t h e  c a s e  o f  t h e  W-25Re c a p s u l e  it w a s  
Mo-SORe. 
F i g u r e  147 shows t h e  i n t e r g r a n u l a r  c r a c k  i n  t h e  " - 2 2 2  cap- 
s u l e  diaphragm. 
7.1.2 Po tass ium A n a l y s i s  
The po tass ium was a n a l y z e d  b e f o r e  an6 a f t e r  t h e  compatibility 
tests .  The a s s a y  r e s u l t s  a r e  summarized i n  Tab le  11 where t h e  left 
hand column shows t h e  chemical  a n a l y s i s  o f  t h e  po tass ium a t  t h e  
s t a r t  o f  t h e  t e s t ,  and t h e  o t h e r  columns show t h e  cheinical  analysis 
o f  t h e  po tass ium e x t r a c t e d  from t h e  t e s t  c a p s u l e s  a f t e r  t h e  test, 
The Na a s s a y s  o f  t h e  po tass ium i n  each  c a s e  showed some v a r i a -  
t i o n  d u r i n g  t h e  t e s t ,  b u t  t h i s  i s  n o t  t h o u g h t  t o  be s i q n i f i c a n t ,  
With t h e  e x c e p t i o n  o f  t h e  FS-85 c a n s u l e ,  i n  e a c h  c a s e  t h e  
V c o n t e n t  o f  t h e  po tass ium i n c r e a s e d  d u r i n q  t h e  t e s t .  The spee-  
t r o g r a p h i c  a n a l y s i s  o f  V i s  a p ~ a r e n t l y  n o t  p a r t i c u l a r l y  s e n s i t i v e ,  
- - 
TABLE NO. 11 
- - 
Potass ium Ana lys i s  Before and A f t e r  Compa t ib i l i t y  Tes t  
(Tes t  run for 500 hou r s  a t  180O0F and nominal 80  p s i a  p r e s s u r e )  
(o.) .- ..--- 
Before Test-  
Ep 'S-  - 
. - 
A f t e r  T e s t  (ppm) 
i 1 i- - - ------ ! 
FS-85 1 T-222 1 W-25Re 1 Terminal  I 
I c a p s u l e  j 
41 41 i (1 I 
(a) Samples of the potassium were cast in a stainless steel 
tube under a vacuum of 5 X torr in an electron 
beam welding chamber, subsequent to fillinq the last 
capsule. The potassium samples were analyzed for oxy- 
gen by the mercury amalgamaffion method (helium cover 
gas) and for metallic impurities by spectrographic 
techniques. 
s o  some doubt  must be c a s t  on t h e  r e s u l t s ,  b u t  t h e  t r e n d  of the 
r e s u l t s  s u q g e s t s  t h a t  V was l e a c h e d  o u t  o f  t h e s e  a l l o y s  d u r i n g  
t h e  t e s t .  
I n  a l l  c a s e s ,  t h e  changes  i n  po tass ium a n a l y s i s  are suffic- 
i e n t l y  s m a l l  t o  i n d i c a t e  m a t e r i a l  c o m p a t i b i l i t y .  
Oxygen a n a l v s i s  was o n l v  performed on t h e  po tass ium a t  t h e  
s t a r t  of  t h e  t e s t ,  and was r e p o r t e d  a s  3 . 4  t o  7 . 6  ppm bas X208, 
t h e  a n a l v s i s  be ing  performed by t h e  mercurv amalqamation method 
under  a  hel ium c o v e r .  The most s i g n i f i c a n t  changes i n  t h e  p o t a s s i m  
a n a l y s e s  i n  each  t e s t  c a p s u l e  w e r e  a s  f o l l o w s .  
a .  C-129Y Capsule .  The most s i q n f i c a n t  chanae was an in- 
c r e a s e  i n  Cb c o n t e n t  o f  t h e  po tass ium f r o m < l  t o  10 ppm, 
T h i s  Cb mesumably  was l e a c h e d  o u t  o f  t h e  C-L29Y and 
n o t  o u t  cf t h e  VS-85 p a r t s  o f  t h e  c a p s u l e ,  s i n c e  no CS 
was l e a c h e d  o u t  of any o f  t h e  o t h e r  c a p s u l e s  containing 
FS-85 p a r t s .  T h i s  a t t a c k  might  have been a d l i f f e r e n t i a l  
c o r r o s i o n  e f f e c t .  
I n c r e a s e s  i n  A l ,  Fe,  N i ,  pb ,  S i ,  Sn,  V and Z r  contents 
were a l s o  r e n o r t e d ,  b u t  a r e  n o t  c o n s i d e r e d  t o  be sig- 
n i F i c a n t .  
b .  FS-85 Capsule .  The po tass ium from t h i s  c a n s u l e  showed 
t h e  l e a s t  change i n  compos i t ion  d u r i n g  t h e  t e s t ,  T h e  
o n l y  i n c r e a s e  i n  i m p u r i t i e s  observed w e r e  i n  t h e  Sn and 
Zr c o n t e n t s  o f  t h e  potass ium.  
The S i  c o n t e n t  showed a s l i q h t  d e c r e a s e .  T h i s  exceptional 
s t a b i l i t v  may be due t o  t h e  f a c t  t h a t  t h e  c a p s u l e  was 
f a b r i c a t e d  e n t i r e l y  of  FS-85 m a t e r i a l ,  i n  c o n t r a d i s t i n c -  
t i o n  t o  a l l  t h e  o t h e r  capsu les  which conta ined  d i s s i m i l a r  
m a t e r i a l s .  
c. - T--222 Capsule. I n  t h i s  capsu le  a marked i n c r e a s e  was 
observed i n  t h e  Ca con ten t  of  t h e  notassium from 
<I t o  1 0  porn. No exp lana t ion  ban be oqfered f o r  t h i s .  
I nc reases  i n  A l ,  Fe, Pb, S i ,  Sn, V and Z r  were a l s o  
r epo r t ed  bu t  a r e  considered i n s i g n i f i c a n t .  
d, W--25Re - Capsule. The most marked change was t h e  r e l a t i v e l y  
l a r g e  i n c r e a s e  i n  Mo con ten t  of t h e  potassium from 
.d< 1 t o  >25 ppm. I n  view of  t h e  f a c t  t h a t  Mo i s  
normally considered t o  be q u i t e  r e s i s t a n t  t o  potassium 
t h i s  a t t a c k ,  which i s  cons idered  t o  be abnormally s eve re ,  
i s  probably due t o  some p r e f e r e n t i a l  co r ros ion  e f f e c t  
as a r e s u l t  of  W-25Re, Mo-50Re and TZM molybdenum be ins  
i n  c o n t a c t  i n  t h e  capsu le .  
I n c r e a s e s  were found i n  t h e  A l ,  Fe, Pb, S i ,  Sn, T i ,  V 
and Z r  c o n t e n t s  of  t h e  potass ium,  bu t  of t h e s e  on ly  
t h e  i n c r e a s e  i n  Fe i s  cons idered  t o  be s i q n i f i c a n t .  
e, Thermal Capsule. I n  t h i s  capsu le  t h e  major changes i n  
i m p u r i t i e s  i n  t h e  potassium were i n c r e a s e s  i n  t h e  Ca, 
Fe and S i  c o n t e n t s ,  accompanied by minor i n c r e a s e s  i n  
t h e  A l ,  C r ,  Mg and V con ten t s .  
The fol lowing a n a l y s i s  was ob ta ined  of  t h e  i m p u r i t i e s  
i n  a sample of  Lucalox. 
MgO 1000 ppm 
Fe203 100 P P ~  
Si02 300 ppm 





While not necessarily indicative of the average impurity 
level of the test terminals, it is seen that with the 
exception of V,  all the impurities which increased durinq 
the test could have been present initially in the 
Lucalox, indicatinq that the Lucalox was the probable 
source of the additional potassium impurities, 
8.0 Differential Pressure Transducer 
The basic desisn problem of the differential pressure trans- 
ducer (see Figure 5) was to transmit the motion of the pressure 
capsule o~erating in a liquid metal environment into a motion of an 
active collector surface in the vacuum environment of the ther- 
mionic diode sensor. The design configuration should provide 
For about 1:l transmission of motion and should be capable of 
containing liquid potassium at 1800°F. 
Preliminary analyses were performed on three mechanical 
configurations for the differential Dressure transducer (+5 psid). 
- 
F i g u r e  148 shows the three configurations schematicallv. Each 
confiquration utilizes the deflection of a composite beam assembly 
consisting of (1) an outer tubular beam member and (2) an internal 
beam member whose termination acts as the active collector surface 
for the thermionic diode sensor. The outer beam member is exposed 
to the liquid potassium environment. A wall thickness of 0.025 
inch was assumed to be sufficient for liquid metal containment. 
The internal beam member is sealed from the liquid potassium and 
connected to the vacuum environment of the thermionic diode sensor. 
For the differential pressure application, the thermionic 
diode sensor is removed from the interior of the pressure capsule, 
isolated from the pressurized volumes, and embedded in the capsule 
housing (see Figure 5). The pressures P1 and P 2 ,  whose differential 
( D I - P ~ )  is to be monitored, are applied to the external and 
internal surfaces, respectivelv, of the pressure capsule. The 
main capsule housinq inner diameter was assumed to be about 1.5 
inches and the active collector surface extends 0.375 inch beyond 
the fixed sunport of the outer beam member. 
8 0 
For Case I ( c a n t i l e v e r ,  end l o a d ) ,  t h e  displacement of 
t h e  p re s su re  capsu le  i s  t r a n s m i t t e d  d i r e c t l y  t o  t h e  c a n t i l e v e r e d  
end of  t h e  o u t e r  beam member, e s t a b l i s h i n g  an end s lope  el 
r e l a t i v e  t o  t h e  h o r i z o n t a l  p o s i t i o n .  The d e f l e c t i o n  of  t h e  
a c t i v e  c o l l e c t o r  s u r f a c e  from e a u i l i b r i u m  t h e r e f o r e  becomes 
(0.75 + 0 . 3 7 5 )  el inch  l e s s  t h e  d e f l e c t i o n  o f  t h e  o u t e r  beam end.  
For Case I1 (end couple ,  one end f i x e d ,  one end s u p p o r t e d ) ,  the 
p r e s s u r e  capsu le  displacement  i s  t r a n s m i t t e d  by a  yoke arrange-  
ment a s  a  couple a c t i n g  on a  supported p i v o t  p o i n t  a t  one end of 
t h e  o u t e r  beam member. I f  t h e  end s lope  a t  t h e  suppcirted p i v o t  
p o i n t  i s  , t h e  a c t i v e  c o l l e c t o r  d e f l e c t i o n  from equ i l i b r ium 
becomes (1 .5  + 0.375) e2 inch .  Case I11 ( c a n t i l e v e r ,  combination 
end load  and end couple )  involves  t h e  removal of  t h e  supported 
p i v o t  ~ o i n t  of Case 11, al lowinq f r e e  movement of  t h e  o u t e r  
beam member s u b j e c t  t o  t h e  s u p e r p o s i t i o n  o f  two a c t i o n s ;  i,e,, 
t h e  p r e s s u r e  capsu le  d e f l e c t i o n  t r a n s m i t t e d  by t h e  yoke arrange- 
ment a s  (1) an end load  and ( 2 )  an end couple.  
The a p p l i c a t i o n  r e l a t i o n s  a r e  a s  fol lows (Reference 31,  
Case I ( c a n t i l e v e r ,  end load )  
Case I1 (end couple ,  one end f i x e d ,  one end suppor ted)  
Case '111 ( c a n t i l e v e r ,  combination end load and end couple)  
Due t o  end load:  
Due t o  end couple:  
Combining end load  and end coua le  e f f e c t s  
In t h e s e  equa t ions ,  t h e  s i q n  convention employed i s  t h a t  
end slopes and d e f l e c t i o n s  a r e  p o s i t i v e  when i n  t h e  upward d i r ec -  
t i o n  ( d i r e c t i o n  o f  f o r c e  W i n  F i au re  1 4 8 )  and 
el = t u b u l a r  o u t e r  beam end s l o p e  (Case I )  ( r a d i a n s )  
e2 = t u b u l a r  o u t e r  beam end s l o p e  (Case 11) ( r a d i a n s )  
e3 = t u b u l a r  o u t e r  beam end s l o p e  (Case 111) ( r a d i a n s )  
v1 = t u b u l a r  o u t e r  beam end d e f l e c t i o n  (Case I )  ( inch )  
y3  = t u b u l a r  o u t e r  beam end d e f l e c t i o n  (Case 111) ( inch )  
W = f o r c e  e x e r t e d  by p r e s s u r e  capsu le  on beam (assumed) 
t o  be 1 pound) 
t = t u b u l a r  o u t e r  beam l e n q t h  (Case I )  (0.75 inch )  
T = t u b u l a r  o u t e r  beam l e n q t h  (Cases I1 & 111) (1 .5  inch)  
M = moment produced by p r e s s u r e  capsu le  (Cases 11 & 111) 
( W t  pound-inches) 
E = modulus o f  t u b u l a r  o u t e r  beam m a t e r i a l  (assumed 
t o  be 30 x l o 6  p s i )  
I = moment of i n e r t i a  o f  t u b u l a r  o u t e r  beam s e c t i o n  
= 0.049 ( D ~  - d 4 )  inch4  
D = o u t e r  d iameter  of  t u b u l a r  o u t e r  beam ( i n c h )  
d  = i n n e r  d iameter  of t u b u l a r  o u t e r  beam ( i n c h )  
The r e s u l t s  of  t h e  a n a l y s i s  a r e  p re sen ted  i n  Figure  149, 
The d e f l e c t i o n s  f o r  t h e  Case I con f igu ra t ion  a r e  nega t ive ,  usinq 
t h e  s i g n  convention o u t l i n e d  above. 
The d a t a  show t h a t  Case I1 holds  promise of p rov id ing  an a c t i v e  
c o l l e c t o r  d e f l e c t i o n  of  0.001 inch  f o r  reasonably s i z e d  t u b u l a r  
beams. The va lue  of 0.001 inch  f u l l  s c a l e  d e f l e c t i o n  wou%d result 
i n  a  f e a s i b l e  o u t p u t  f6r t h e  thermionic  diode sensor .  However, 
t h e  d i f f i c u l t i e s  i n h e r e n t  i n  C a s e  11, which r e q u i r e s  t h a t  t h e  supported 
p i v o t  p o i n t  be i n s i d e  t h e  main capsu le  housinq,  made it mandatory 
t o  concen t r a t e  f u r t h e r  on Cases I and 111, f o r  which t h e  f a b r i c a t i o n  
requirements  were f a r  less s t r i n q e n t .  Case I11 had t h e  further 
advantages of p rov id ing  (1) a  g r e a t e r  d e f l e c t i o n  f o r  a  g iven s i z e  
o u t e r  beam and ( 2 )  a  p u r e l y  v e r t i c a l  a c t i v e  c o l l e c t o r  t r a v e l ,  
s i n c e  e3 = 0 .  For t h e s e  r ea sons ,  mock-up work was confined 
t o  t h e  Case I11 c o n f i g u r a t i o n  t o  v e r i f y  t h e  r e s u l t s  of  t h e  analysis. 
I n  f a b r i c a t i n g  t h e  mock-ups o f  t h e  Case 111 c o n f i g u r a t i o n ,  
Nb-1Zr tub inq  was used f o r  both  t h e  o u t e r  and i n n e r  t u b u l a r  
beams. Nb-1Zr was chosen f o r  two reasons .  
1, Nb-1Zr h a s  a  Younqs modulus ahou t  e a u a l  t o  t h a t  o f  t h e  
r e f r a c t o r y  a l l o v s  used i n  t h e  a c t u a l  t r a n s d u c e r .  
2, Nb-1Zr t u b i n g  was r e a d i l y  a v a i l a b l e ,  i n  v a r i o u s  s i z e s ,  
f o r  t e s t  purposes .  
Three mock-ups were f a b r i c a t e d  f o r  t e s t i n g .  The f i r s t  mock-up 
used a  b razed  assembly w i t h  an o u t e r  t u b u l a r  beam o f  0.187 i n c h  
G,D,, 0 .137  i n c h  I . D .  and a n  i n n e r  t u b u l a r  beam o f  0.096 i n c h  O . D . ,  
0,086 i n c h  I . D . .  I n i t i a l  t e s t i n g  y i e l d e d  e r r a t i c  r e s u l t s .  Inves-  
t i g a t i o n  showed t h a t  t h e  b r a z e  j o i n t  h o l d i n g  t h e  o u t e r  and i n n e r  
beams t o g e t h e r  had f a i l e d  and t h e  i n n e r  beam had become l o o s e .  
A second mock-up was made u s i n q  t h e  same s i z e  i n n e r  and o u t e r  beams 
b u t  the assembly was welded t o g e t h e r .  T e s t  r e s u l t s  o b t a i n e d  
from t h e  second mock-up i n d i c a t e d  t h a t  f o r  a n  a p p l i e d  f o r c e  o f  
ane  pound, an i n n e r  beam d e f l e c t i o n  o f  a b o u t  0.0002 i n c h  w a s  
o b t a i n e d .  
The t h i r d  mock-up used  a  welded assemblv  w i t h  an  o u t e r  t u b u l a r  
beam o f  0.125 i n c h  O . D . ,  0.075 i n c h  I . D .  and an  i n n e r  t u b u l a r  beam 
of 8 , 0 6 3  i n c h  O.D.  and 0.051 i n c h  I . D . .  The i n n e r  beam d e f l e c t i o n  
was moni tored  by a  D i s t a n c e  Meter c a p a b l e  o f  a c c u r a t e  measurement 
of d i s t a n c e s  from 50 m i c r o i n c h e s  t o  0.5 i n c h  dependinq on t h e  probe 
used. A probe  i s  e l e c t r i c a l l y  connected  t o  t h e  i n s t r u m e n t  and 
b rough t  i n t o  p r o x i m i t y  w i t h  t h e  f l a t t e n e d  end o f  t h e  i n n e r  beam 
( a c t i v e  c o l l e c t o r  s u r f a c e ) .  The c a p a c i t a n c e  formed between t h e  
probe and t h e  i n n e r  beam i s  c a l i b r a t e d  i n  t e rms  o f  d i s t a n c e .  The 
probe  used had a  f u l l  s c a l e  r a n q e  o f  0.005 i n c h  w i t h  an  accuracy  
of - +0,000L inch .  A t y p i c a l  f o r c e  v e r s u s  d e f l e c t i o n  c h a r a c t e r i s t i c  
i s  shown i n  F i g u r e  150. The d a t a  i n d i c a t e  t h a t  a p p l i c a t i o n  o f  a  
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one pound f o r c e  r e s u l t e d  i n  an  i n n e r  beam d e f l e c t i o n  of about  0,0007 
i n c h .  The f o r c e  v e r s u s  d e f l e c t i o n  curve  was l i n e a r  w i t h i n  3 per- 
c e n t  o f  f u l l  s c a l e  d e f l e c t i o n  cor respond inq  t o  a  one pound force- 
There  appeared  t n  be  no d e t e c t a b l e  h y s t e r e s i s  e f f e c t ,  
A s  a  f i n a l  check,  t o  de te rmine  whether  any low-frequency 
r e s o n a n t  e f f e c t s  c o u l d  produce  l a r g e  s c a l e  beam mot ion ,  the mock-up 
was i n s t a l l e d  on a  v i b r a t i o n  t a b l e  and s u b j e c t e d  t o  vibrations 
based on p rocedure  XIV o f  MIL-E-5272C(ASG). The p rocedure  involved 
t h e  f o l l o w i n g  t e s t  p a r a m e t e r s .  
0  t o  10 c p s ,  0.20 i n c h  doub le  ampl i tude  
10 t o  20 c p s ,  + 1.og 
- 
2 0  t o  90 c p s ,  0.05 i n c h  doub le  ampl i tude  
90 t o  2000 C ~ S ,  + 209 
- 
P r i o r  t o  t e s t i n g  o f  t h e  complete mock-up, t h e  probe  O F  t h e  
Dis tance  Meter was v i b r a t e d  by i t s e l f  t o  check i f  t h e  probe  
might  e x h i b i t  any resonance  a t  t h e  f r e a u e n c i e s  o f  i n t e r e s t .  - 
The p robe  used f o r  t h e  v i b r a t i o n  t e s t  had a  f u l l  s c a l e  r ange  of  
0.010 i n c h  w i t h  an  a c c u r a c y  06 + 0.0002 i n c h .  The d e ~ r e a s e d  accuracy 
- 
o f  t h i s  probe  was a c c e p t a b l e  f o r  t h i s  t e s t  s i n c e  a  q u a i l i t a t i v e  
i d e a  o f  t h e  r e s o n a n t  b e h a v i o r  o f  t h e  bean? was a l l  t h a t  w a s  
d e s i r e d .  The probe  e x h i b i t e d  no r e s o n a n t  p o i n t s  a t  t h e  freaueneies 
used f o r  t h e  t e s t .  
R e s u l t s  o f  t h e  v i b r a t i o n  tes ts  o f  t h e  beam i n  a i r  showed 
t h a t  t h e  Case I11 beam c o n f i g u r a t i o n  had r e l a t i v e l y  b road  r e s o n a ~ t  
peaks between 220-250 c p s ,  700-820 c p s ,  and 1400-1600 c ~ s ,  and a 
s h a r p l y  d e f i n e d  resonance  a t  abou t  330 c p s .  s h o u l d  t h e s e  resonant 
peaks exist while the beam is in operation, the transducer output 
would be in considerable error. However, in operation the beam 
will be immersed in liquid. metal, and therefore, subject to greatly 
increased damping conditions. For this reason, the resonant motion 
of the beam will be certainly minimized if not eliminated completely. 
Based on the results of the analy'sis and the experimental 
data obtained from the mock-up assemblies, the Case I11 configuration 
was chosen as a viable basis for the differential transducer 
design, 
9 . 0  Transducer S i g n a l  Condi t ioner  
The s i g n a l  cond i t i on ing  ins t rument  w i t h  t h e  b u i l t  i n  d .c .  
vo l tmeter  i s  shown i n  t h e  photograph i n  Figure  152. The 
a s s o c i a t e d  schematic diagram (CCC Dwg. No. KMY1316) i s  shown i n  
Figure  151 a lonq wi th  t h e  p h y s i c a l  l ayou t  shown i n  Figure ' 
The system i s  b a s i c a l l y  composed of  t h r e e  main e ~ o n t r o l  
systems; namely, t h e  h e a t e r  c o n t r o l  c i r c u i t s ,  t h e  cons t an t  
c u r r e n t  d iode c o n t r o l  c i r c u i t s ,  and t h e  p r e s s u r e  computing 
a m p l i f i e r s .  Each c i r c u i t  w i l l  be descr ibed  i n  d e t a i l .  
9 .1  Heater  Control  
The e m i t t e r  h e a t e r  c o n t r o l  c i r c u i t  d e r i v e s  i t s  input 
s i g n a l  from a thermocouple mounted on t h e  emit . ter .  The thermo- 
couple s i g n a l  i s  a 1 t o  2 2  m v  s i g n a l  which corresponds to a 
100°F t o  2220°F e m i t t e r  temperature .  This thermocouple s i g n a l  
i s  fed i n t o  t h e  i n v e r t i n g  i n p u t  o f  a l i n e a r  i n t e g r a t e d  o p e r c  
t i o n a l  a m p l i f i e r  a f t e r  being f i l t e r e d  f o r  n o i s e  pick,,-up 
by R64, C5, and R22. This  i n p u t  i s  summed with  t h e  d e s i r e d  
i n p u t  po ten t iometer  s e t t i n g  ( e m i t t e r  temperature)  from po ten t io -  
meter ,  Riq, whose r e f e r e n c e  v o l t a q e  i s  de r ived  from a 6.2V 
zener  d iode ,  Ggq, (T.C.  = 0 . 0 0 2 % / C 0 )  f o r  a s t a b l e  r e f e r e n c e .  
The a m p l i f i e r  i s  ope ra t ed  open loop f o r  i nc reased  c o n t r o l  
accuracy and f eeds  ano the r  g a i n  and emitter fo l lower  s t a g e  
(Q7 and 05)  coupled t o g e t h e r  by t h e  two d iodes ,  CR7 and CRB, 
This  ou tpu t  f eeds  t h e  i n ~ u t  v o l t a s e  t o  t h e  i n v e r t e r  comprised 
of  0 6 ,  Q11 and T2 .  The i n v e r t o r  o s c i l l a t e s  a t  a  b a s i c  
frequency of  about 800 Hz corresponding t o  t h e  fol lowing 
r e l a t i o n s h i p :  
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V = 4Bm AFN X 
where T7 = i n p u t  vo l t age  
Bm = f l u x  d e n s i t y  i n  gausses  
A = co re  a r e a  i n  cm 2 
F = ou tpu t  frequency 
N = number of t u r n s  
With t h i s  relations hi^, t h e  ou tpu t  frequency w i l l  be pro- 
p o r t i o n a l  t o  t h e  i n p u t  v o l t a g e  ampli tude.  The ou tpu t  of t h e  
t r a n s f o m e r ,  T 2 ,  f eeds  a d iode  ( C R 1 0 ,  C R 1 1 ,  CR 1 2 ,  CR 13)  f u l l  
wave r e c t i f i e d  br idge  c i r c u i t  whose d . c .  ou tpu t  w i l l  be p ropor t iona l  
t o  the frequency and inpu t  ampli tude t o  t h e  i n v e r t o r .  Capaci tor  
C6, is for proper  f i l t e r i n g  and feed  a m p l i f i e r  Q 1 0 ,  which feeds  
the Darl ington s t a g e s ,  Q 8  and Q9, f o r  t h e  hiqh c u r r e n t  ou tpu t  
control t o  t h e  h e a t e r  v i a  t h e  fuse, XF1. 
S i n c e  t h e  e m i t t e r  h e a t e r  i s  e l e c t r i c a l l y  connected t o  t h e  
e m i t t e r ,  i s o l a t i o n  i s  r equ i r ed  throuqhout  t h e  c i r c u i t .  Hence, t h e  
u s e  of t h e  i n v e r t o r  c i r c u i t  f o r  t r ans fo rmer  i s o l a t i o n  and t h e  
use of t h e  s e p a r a t e ,  i s o l a t e d ,  unregula ted  power supply (T3, C R 1 4 ,  
CRl5, 8 2 5 ,  C 7 )  f o r  powering t h e  h e a t e r  on ly  and t h e  u se  of  t h e  t r a n s -  
former coupled ( T l )  power s u p p l i e s  (+15V, -15V) t o  supply t h e  r egu la t ed  
vo l t ages  for t h e  o p e r a t i o n a l  a m p l i f i e r  and t h e  a s s o c i a t e d  c i r c u i t s  
of t h e  h e a t e r  c i r c u i t  only .  With t h e  h igh  c o n t r o l  c i r c u i t  a m p l i f i e r  
gains used (LAl"45000) t h e  e m i t t e r  t empera ture  was c o n t r o l l e d  t o  
w e l l  within - + 5 O F  f o r  i n p u t  power changes, long term d r i f t ,  and 
chamber ambient temperature  changes. Thus f o r  example, a s  t h e  e m i t t e r  
temperature  a t t empt s  t o  change above t h e  d e s i r e d  s e t t i n q  (u sua l ly  
a b o u t  2100°F) t h e  p o s i t i v e  thermocouple  s i g n a l  i s  summed with t h e  
n e g a t i v e  r e f e r e n c e  s i g n a l  and t h e  a m p l i f i e r ' s  o u t n u t  r e d u c e s ,  
t h e  o u t p u t  o f  Q7 i n c r e a s e s ,  t h e  o u t p u t  of Q5 i n c r e a s e s ,  t h e  output 
o f  t h e  F.W.R. i n c r e a s e s ,  t h e  o u t p u t  o f  010 d e c r e a s e s ,  t h e  output 
o f  Q8 d e c r e a s e s ,  t h e  o u t p u t  o f  0 9  d e c r e a s e s  and t h e  r e s u l t i n g  heater 
power d e c r e a s e s .  C u r r e n t  l i m i t i n q  i s  accomplished by t h e  use  of t h e  
1.5A f u s e  i n s e r t e d  w i t h  t h e  h e a t e r .  The emitter  t h e m o c c u p l e  v o l t -  
age  and t h e  h e a t e r  v o l t a g e  can  be  moni tored  d i r e c t l y  by t h e  b u i l t  i n  
d .c .  v o l t m e t e r  w i t h  t h e  m e t e r  s e l e c t o r  swi tched  p l a c e d  i n  t h e  
a p p r o p r i a t e  p o s i t i o n s .  
9.2 Cons tan t  C u r r e n t  C o n t r o l  
A c o n s t a n t  c u r r e n t  r e g u l a t e d  c i r c u i t  m a i n t a i n s  t h e  sum of 
t h e  a c t i v e  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s  c o n s t a n t  by s e n s i n q  t h e  
v o l t a g e  a n a l o g  sum R33, f e e d i n g  it i n t o  LA3 ( i n v e r t i n g  side) v i a  
R37, and comparing it w i t h  t h e  "sum o f  c u r r e n t s "  a d j u s t m e n t ,  R52, 
i n t o  t h e  n o n - i n v e r t i n g  i n p u t  t o  LA3. The o u t p u t  of t h e  oDen loop 
a m p l i f i e r ,  LA3, f e e d s  a n  e m i t t e r  f o l l o w e r  o u t p u t ,  Q 1 2 ,  f o r  i n c r e a s e d  
c u r r e n t  c a p a b i l i t y  up t o  200 ma. With t h e  h i g h  l o o p  gain which i s  
used t h e  sum o f  t h e  c u r r e n t s  i s  h e l d  c o n s t a n t  t o  b e t t e r  t h a n  0,5% 
f . s .  t h roughou t  t h e  p r e s s u r e  i n p u t  t es t  range .  System stabilitv i s  
m a i n t a i n e d  bv t h e  use  o f  h igh  f requencv  r o l l  o f f  c a p a c i t o r s ,  Ckl 
on t h e  o u t p u t  s t a g e  and C15, t o g e t h e r  w i t h  C12 and R35 for the i n t e - .  
g r a t e d  c i r c u i t  o p e r a t i o n a l  a m p l i f i e r ,  LA3. Long term stability 
and accuracy  i s  a c h i e v e d  by u s e  o f  w i r e  wound 0.5% s e n s e  r e s i s t o r s  For 
t h e  sum o f  c u r r e n t s  measurements .  
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In the "Auto" mode the sum of the currents regulator is in 
normal operation using the isolated, regulated power supplies. With 
swi t ch ,  S 3 ,  in the MANUAL position the sum of the currents can be 
adjusted rnanuall~ without the use of an automatic regulator usinq 
the same " s m  of currents" potentiometer on the front panel. The 
manual switch also switches the power'supply biasing resistors, R48 and 
R49, to provide for hiqher output currents on the -15V output and 
disconnects the positive supply altogether. 
9.3 Pressure Computing Amplifiers 
The computing integrated operational amplifier, LA4, produces 
an output signal which is proportional to the transducer pressure. 
The a c t i v e  and reference collector currents are monitored by use of 
R32 and R26 series resistors to monitor the voltage analog of the 
current. These voltage analogues are monitored by use of R27 and R30 
feeding into a computing amplifier, LA2, which computes the differ- 
ence between the two currents (ia - ic). This difference analog siq- 
nal is then  fed into the inverting input of operational amplifier, 
LA4, In order to compensate for the initial unbalance in the 
active and reference collector currents (Ia and I,) of the diode, 
a zero adjust is necessary for the pressure computing amplifier in 
order to nuill out this initial offset potential and not create 
a fixed error. The pressure output signal is a 0 to 5.0VDC, low 
output impedance siqnal ( 0  to 80 psia eauivalent) whose gain and 
linearity are adjustable with panel mounted potentiometers. The 
linearity adjustment is required in order to compensate for the non- 
linear pressure transducer (diode) differential current siqnal. 
A n o n - l i n e a r  a m p l i f i e r  g a i n  c h a r a c t e r i s t i c  i s  a c h i e v e d  th rough  
t h e  use  o f  a  d i o d e  (CR24) i n  t h e  feedback network of a n  operational 
a m p l i f i e r .  S i n c e  t h e  forward  breakdown impedance of  a d i o d e  changes 
n o n - l i n e a r l y  , t h e  g a i n  of  t h e  a m p l i f i e r  changes i n  a s i m i l a r  f a s h i o n  
s i n c e  t h e  g a i n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  a m p l i f i e r ' s  feedback 
r e s i s t a n c e .  To o b t a i n  t h e  d e s i r e d  o u t p u t  c h a r a c t e r i s t i c s  bo th  
t h e  " g a i n "  and " l i n e a r i t y "  a d j u s t m e n t s  must be  used s i n c e  t h e y  a re  
a  f u n c t i o n  o f  e a c h  o t h e r .  D.C.  i s o l a t i o n  i s  ach ieved  i n  t h e  corn- 
p u t a t i o n a l  c i r c u i t s  t h r o u g h  t h e  u s e  o f  t r a n s f o r m e r  c o u p l i n g  ( T 3 )  
t o  t h e  r e g u l a t e d ,  + 15.0  VDC power s u p p l i e s .  
- 
9.4 E x t e r n a l  ~ n s t r u m e n t a t i o n  
For  moni to r ing  v a r i o u s  v o l t a g e s  and v o l t a g e  a n a l o g u e ' s  of 
c u r r e n t ,  a  b u i l t  i n  d . c .  v o l t m e t e r  was b u i l t  i n t o  t h e  front pane l  
a s  shown i n  F i g u r e  N o .  152. Var ious  pa ramete r s  can  be measured by 
u s e  of t h e  m e t e r  select s w i t c h  a s  c a n  be noted  from t h e  photograph. 
E x t e r n a l  j a c k s  a r e  p rov ided  f o r  m o n i t o r i n g  w i t h  an  e x t e r n a l  meter 
o r  r e c o r d e r .  When p l o t t i n q  " s p a c e  charqe"  c u r v e s  o f  d i o d e  voltage 
vs .  a c t i v e  c o l l e c t o r  o r  r e f e r e n c e  c o l l e c t o r  c u r r e n t  for various 
p r e s s u r e s  t h e  e x t e r n a l  j a c k s  were used f o r  r e c o r d e r  i n p u t s ,  The 
p r e s s u r e  v o l t a q e  ana log  p l o t s  v s .  a c t u a l - p r e s s u r e  w e r e  made us ing  t h e  
e x t e r n a l  j a c k s  f o r  p r e s s u r e  o u t p u t .  
I3 a 0 Vacu-cim Test' Facility 
The initial concept and design for the Vacuum Test Facilitv 
was discussed in Section 4.1.1. Early in the program, the facil- 
ity was used for performance of tests on the initial set of pres- 
sure capsules (see Section 4.1) and preliminary tests on thermionic 
diode sensor mock-ups. Fiqure 154 shows this early Vacuum Test 
Facility configuration. 
As the proqram advanced into the area of complete transducer 
design and test, the function of the Vacuum Test Facility became 
to provide the means for evaluating the operation of the complete 
transducer. While the basic Facility of Figure 154 did not chanqe, 
additions were made to achieve transducer operation and evaluation. 
These additions included (1) fitting of individual ion pumps to 
two test chambers, ( 2 )  installation of an argon manifold supply, 
( 3 )  installation of transducer pressurization systems with automatic 
pressure cvclinq capacitv and (4) installation of automatic safety 
systems to protect the transducer from hiqh-temperature oxidation 
damage in the event of failures in the pressurization system. 
Figure 155 presents, in schematic form, two chambers of the 
Vacuu~n Test Facility set up to operate the absolute pressure trans- 
ducers, The transducer is enclosed in a heated, high-vacuum 
chamber, Radiant heat is supplied by a set of cylindrical resistance 
heaters fabricated of Nb-1Zr material. The test zone is large 
enough to assure uniform heatinq and provide space for heat shields 
used to control end effects. The test head contains the pressure 
and electrical feedthrough connections needed for operation of 
the transducer. Since all support is from this test head, the 
transducer can be installed quickly. 
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Early test experience indicated the desirability OF beins 
able to operate individual test chambers independent of the facility 
itself. This was achieved by fitting individual ion p ~ m p s  (20 
liters per second) to each test chamber. Durinq initial bake-out 
runs to 1800°F, the 200 liter per second ion pump, common to all 
chambers, may be used for maximum pum~inq. Once operating tempera- 
ture and pressure conditions are attained, the chamber is valved 
off (V16, V25) and run on its own ion pump. 
A manifozd svstem is used for the argon supply. Four supp ly  
tanks feed into a manifold separated from a second plenum by a high- 
pressure valve. A spare tank feeds into the second plenum, This 
tank is normally closed and the system runs on the four tank supply. 
When these tanks need replacement, Valve V3 is closed and the system 
is run off the spare tank. The four tanks are replaced, the mani- 
fold cleaned by backfilling and evacuating through V1 and the tanks 
are turned on. Valve V3 is opened, charging the spare argon-tank 
which is then turned off. The system is then back on the four 
tank supply. 
The pressurization systems used for operating the transducers 
have an automatic pressure cyclinq capability of 20 cycles per 
hour. A timer-actuated solenoid valve (SV1, SV2) is used to pres- 
surize the pressure ca~sule for 1 1/2 minutes (3 minute pressure 
cycle). The valving allows connection of the pressure gauge (G3) 
and a room temperature transducing cell (Tl) into the svstern 
to monitor the pressure and obtain an electrical signal for the 
X-Y recorder used in the evaluation testing. The system for testinq 
ncSUre the differential pressure transducer is valved so that the pr,,. 
and vacuum ports can be switched, allowing ~ressurization of either 
side of the pressure capsule. 
The Vacuum Test Facility includes three safety systems designed 
to protect the transducer from hiqh-temperature oxidation damage 
in the event of failures in the arqon pressurization system, the 
mechanical vacuum pump used for evacuation of the transducer 
during pressure cycling, or the vacuum test chamber. 
P. Argon pressurization system - The pressurization system 
must be monitored to check excessive oxygen content in 
the arqon gas and any air leakage into the pressure system. 
The oxygen content (parts per million) of the argon enter- 
incx the pressurization system is monitored by a Lockwood- 
McLorie oxygen analyzer. Past experience indicated that 
the normal oxygen content of the arqon is under 5 PPM. 
The electrical out~ut of the ozyqen analyzer (about 0.5 
millivolt per PPM) is in turn monitored by a meter-relay 
system with an adjustable high set-point which is set at 
about 2.5 millivolts. If the oxyqen content of the argon 
reaches 5 PPM, the meter-relay svstem is activated and 
performs two functions. 
(a) The test chamber heater is de-energized to allow 
ragid cool-down of the transducer. 
(b) The three-wav solenoid valve used in the pressure 
cyclinq system is de-energized. In the de-energized 
condition, this valve connects the transducer to the 
mechanical vacuum pump. Thus no hiqh-oxygen-content 
argon would be introduced into the transducer. 
The Lockwood-McLorie monitors the arqon for the chambers 
by feeding arqon from both pressure systems, through flow- 
meters, to the oxygen analyzer. The two flometers are 
adjusted so that (1) the proper pressure conditions are 
met for the operation of the analyzer and ( 2 )  the flows 
from the two pressure systems are about equal, 
2. Mechanical vacuum pump used for evacuation of the trans- 
ducer during pressure cycling - A check must be made to in-- 
sure that the pump is operatinq. If the pump stops, 
ambient air will be introduced into the transducer, which 
is operatins at 1800°F. Oxidation and failure the 
pressure capsule will follow. O~eration of the pump 
is monitored by a centrifugal switch mounted directly 
on the pump shaft. A standard industrial type switch is 
used, modified so that switch actuation occurs at the speed 
of the vacuum pump (about 600 RPM) . At meed, the switch 
is open. If the pump stops for any reason, the switch 
closes and performs two functions. 
(a) The test chamber heater is de-energized to allow 
rapid cool-down of the transducer. 
(b) A normally-closed solenoid valve in the exhaust line 
between the transducer and the pump is de-energized. 
This isolates the transducer from the mechanical Dump 
and blocks backstreaming from the pump. 
3 .  Vacuum chamber - Vacuum i n t e g r i t v  must be m a i n t a i n e d  
in t h e  t es t  chamber i n s i d e  o f  which t h e  t r a n s d u c e r  o p e r a t e s .  
F a i l u r e  of any of  t h e  vacuum s e a l s  would i n t r o d u c e  a i r  
i n t o  t h e  chamber, r e s u l t i n q  i n  o x i d a t i o n  and f a i l u r e  o f  
t h e  p r e s s u r e  c a p s u l e .  The i n t e g r i t y  of  t h e  t es t  chamber 
i s  moni tored  by a  r e l a y  connec ted  t o  t h e  c i r c u i t  b r e a k e r  
of t h e  i o n  ~ u m p  power supp ly .  Loss o f  chamber vacuum 
i n c r e a s e s  t h e  c u r r e n t  drawn by t h e  pump and t r i p s  t h e  c i r -  
c u i t  b r e a k e r ,  d e - e n e r g i z i n g  t h e  s a f e t y  r e l a y .  I n  t u r n ,  
t h e  t e s t  chamber h e a t e r  i s  de -energ ized  t o  a l l o w  r a p i d  cool -  
down of t h e  t r a n s d u c e r .  
For bo th  oxygen c o n t e n t  o f  t h e  a rqon  and t e s t  chamber vacuum, 
a problem i n  any chamber r e s u l t s  i n  c o r r e c t i v e  a c t i o n s  be ing  t a k e n  
in both chamber sys tems.  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  Lockwood- 
McLorie and t h e  i o n  pump power supp ly  work w i t h  b o t h  chambers i n  
eomon and canno t  t r a c e  a  s a f e t y  s i g n a l  t o  a  p a r t i c u l a r  chamber. 
For t h e  t h i r d  s a f e t y ,  s e p a r a t e  chamber c o n t r o l s  a r e  used s i n c e  
each chamber h a s  i t s  own mechanica l  vacuum pump. The t h r e e  
safety o p e r a t i o n s  have one t h i n g  i n  common: any a la rm c o n d i t i o n  
r e s u l t s  i n  t h e  t e s t  chamber h e a t e r  b e i n g  de -energ ized .  
1 1 . 0  Transducer  T e s t  Proaram 
During t h e  c o u r s e  o f  t h e  t r a n s d u c e r  e f f o r t ,  t e s t i n q  Drogram 
emphasis  s h i f t e d  from p r e l i m i n a r y  t e s t i n g  o f  r e ~ r e s e n t a t i v e  pres- 
s u r e  c a p s u l e  c o n f i q u r a t i o n s  ( d e s c r i b e d  i n  S e c t i o n  4 . 1 1  t o  a s e r i e s  
o f  tes ts  des iqned  t o  prove  o u t  t h e  f a b r i c a t i o n  t e c h n i q u e s  used 
i n  t h e  t r a n s d u c e r  and f i n a l l y ,  t o  e v a l u a t e  t h e  performance of  t h e  
f i n i s h e d  t r a n s d u c e r .  
Seven e x p e r i m e n t a l  d e v i c e s  (T-1 th rough  T-7) were f a b r i c a t e d  
and t e s t e d  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  program. Once t h e  fab- 
r i c a t i o n  t e c h n i q u e s  had been deve loped ,  f o u r  a b s o l u t e  t r a n s d u c e r s  
( A - 1  th rough  A-4 )  and two d i f f e r e n t i a l  t r a n s d u c e r s  ( D - P  and D-2) 
were b u i l t  f o r  performance t e s t i n q .  
Opera t ing  l i f e t i m e s  o f  o v e r  2 , 0 0 0  h o u r s  were e x h i b i t e d  by 
t h e  t e s t  u n i t s .  While some changes i n  t r a n s d u c e r  p r e s s u r e - o u t -  
p u t  p a r a m e t e r s  were a s s o c i a t e d  w i t h  t e m p e r a t u r e  e x c u r s i o n  t e s t s ,  
it appeared  t h a t  i n  t h e  absence  o f  t h e  t e m p e r a t u r e  e x c u r s i o n  tests, 
t h e  p r e s s u r e - o u t p u t  d a t a  c o u l d  have remained w i t h i n  a  - + 5 p e r c e n t  
enve lope  around a  0-5 v o l t  f u l l  s c a l e  o u t p u t  o v e r  t h e  e n t i r e  t e s t  
p e r i o d .  With some a d d i t i o n a l  work t o  minimize t e m p e r a t u r e  effects, 
t h e  t e s t i n g  i n d i c a t e d  t h a t  a  v i a b l e  t r a n s d u c e r  d e s i g n  i s  a t  hand ,  
11.1 Exner imenta l  T e s t  Devices 
Tab le  12 p r e s e n t s  a  l i s t i n g  o f  t h e  seven e x p e r i m e n t a l  de- 
v i c e s  (T -1  t h r o u s h  T-7) a l o n g  w i t h  in ' iormation on t h e  t e s t  con- 
f i g u r a t i o n ,  t es t  purpose ,  d u r a t i o n  and t e n p e r a t u r e  o f  t e s t ,  and 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































t o  i n v e s t i q a t e  s enso r  f a b r i c a t i o n  techniques  and used a simulated 
a c t i v e  c o l l e c t o r  s u r f a c e  d r iven  by a  micrometer head mounted o u t -  
s i d e  t h e  vacuum t e s t  chamber. The nex t  f i v e  dev ices  were designed 
t o  i n v e s t i g a t e  mating o f  t h e  s enso r  t o  a  p re s su re  capsu le .  The 
double-convolution C-129Y and FS-85 p r e s s u r e  capsu les  used i n  t h e  
i n i t i a l  d e f l e c t i o n  t e s t s  ( s e e  Sec t ion  4 . 1 )  were used i n  dev ices  
T-3 through T-7. The f i r s t  s i x  dev ices  inc luded  a  secondary ref-  
e rence  c o l l e c t o r ,  i s o l a t e d  i n  t h e  middle of  t h e  r e f e rence  c o l l e c t o r  
su r f ace .  This  secondary r e f e r e n c e  c o l % c t o r  was in tended  as  a 
moni tor  o f  e m i t t e r  temperature .  The c u r r e n t  through t h i s  c o l l e c t o r  
would be used t o  i n d i c a t e  any s h i f t  i n  t h e  r e f e rence  emitter from 
t h e  space-charqe l i m i t e d  mode t o  t h e  emiss ion- l imited mode. I n  
t h e  event  of  t h e  e m i t t e r  becoming emiss ion- l imi ted ,  t l z e  e m i t t e r  
temperature  would be au toma t i ca l ly  r a i s e d  u n t i l  space--charge 
l i m i t e d  ope ra t ion  i s  rega ined .  
I n  a l l  c a se s  t h e  t e s t  was suspended because o f  problems en- 
countered i n  t h e  t h e m i o n i c  d iode  sensor .  More d e t a i l e d  treat- 
ments of  each t e s t  dev ice  a r e  inc luded  i n  t h e  fol lowing test 
chronology. 
The procedure  used t o  e v a l u a t e  t h e  performance oE t e s t  dev ices  
c o n s i s t e d  of t h e  fol lowing s t e p s .  
1. The e m i t t e r s  were a c t i v a t e d  by applying about 1 5  ~ , ~ o E t s  
t o  t h e  d iode  wi th  t h e  e m i t t e r s  a t  228O0F  a s  measured by 
t h e  thermocouple i n s t a l l e d  on t h e  e m i t t e r  housing,  The 
ernlission c u r r e n t s  i nc reased  t o  a  s t a b l e  l e v e l  a t  which 
p o i n t  t h e  e m i t t e r  temperature  was lowered t o  t h e  ope ra t ing  
l e v e l  of 2100°F. For an e m i t t e r - c o l l e c t o r  spac ina  of  
about 0 . 0 0 6  i nch ,  t h e  s t a b l e  c u r r e n t  l e v e l  i s  about 45 
mil l iamperes  f o r  an app l i ed  vo l t age  of  15 v o l t s .  
2, Thie space-charge c h a r a c t e r i s t i c s  were determined by measur- 
. i n . q  t h e  a c t i v e  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s  a s  a  func- 
t i o n  of i nc reased  vo l t aqe .  These d a t a  served two purposes.  
When p l o t t e d  on log-log coo rd ina t e s  wi th  e m i t t e r - c o l l e c t o r  
d i s t a n c e  a s  a  parameter r e l a t e d  throuqh t h e o r e t i c a l  
space-charge formulae,  t h e  d a t a  i n d i c a t e d  t h e  r e f e r e n c e  
c o l l e c t o r  and a c t i v e  c o l l e c t o r  d i s t a n c e s .  The d a t a  a l s o  
i n d i c a t e d  any emission l i m i t i n g  e f f e c t s  (po ison ing)  
oecur ing a t  app l i ed  v o l t a g e s  up t o  about 20 v o l t s .  Since 
t h e  t h e m i o n i c  s enso r  must o p e r a t e  i n  t h e  space-charge 
l i m i t e d  reg ion ,  any emiss ion- l imi ted  cond i t i on  w i l l  i n t r o -  
duce e r r o r  i n t o  t h e  ou tpu t  s i g n a l  and must be avoided. 
3 .  Using t h e  d a t a  of  ( 2 )  above, an upper l i m i t  was placed 
on t h e  app l i ed  v o l t a g e  t o  i n s u r e  t h a t  no poisoning e f f e c t  
was p r e s e n t .  With t h i s  pre-determined app l i ed  vo l t age  
a t  zero p r e s s u r e ,  p ressure-ou tpu t  c u r r e n t  (ia-ir) char-  
a c t e r i s t i c s  were ob ta ined  f o r  chamber temperatures  of 
1800, 1600, 1 4 0 0 ,  1 2 0 0  and 1000°F whi le  t h e  e m i t t e r  
temperature  was mainta ined a t  2100°F. A s  t h e  p r e s s u r e  was 
ehanqed, t h e  app l i ed  v o l t a q e  was v a r i e d  t o  keep t h e  sum 
(l,+ir) cons t an t  a t  i t s  zero p re s su re  va lue .  F o r ' t h e  
t ransducer  t e s t  u n i t s ,  t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  was 
a d j u s t e d  t o  be  e q u a l  t o  t h e  r e f e r e n c e  c o l l e c t o r  distance 
a t  room t e m p e r a t u r e  p r i o r  t o  i n s t a l l a t i o n  i n  t h e  Tiacum 
T e s t  F a c i l i t y .  However, a t  1800°F, motion o f  t h e  pressure 
c a p s u l e  caused t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  t o  change, 
S i n c e  no f u r t h e r  a d j u s t m e n t  was made, t h e  d i f f e r e n c e  
c u r r e n t  (ia - ir) was n o t  z e r o  a t  z e r o  p r e s s i l r e .  
The f i r s t  t e s t  d e v i c e  (T-1) was c o n s t r u c t e d  u s i n g  t h e  h e a t e r  
assembly o f  F i g u r e s  156 and 157 i n  c o n j u n c t i o n  w i t h  t l z e  cermic base 
shown i n  F i g u r e  158. T h i s  f i r s t  h e a t e r  assembly ( F i g u r e  156) 
c o n s i s t e d  o f  t h e  alumina c o i l  form, a  b a r e  t u n q s t e n  heater and 
molybdenum power l e a d s .  The t u n g ~ t e n / m o l ~ ~ b d e n u m  c o n n e c t i o n  was 
made by p lasma-spraying t h e  j o i n t  w i t h  t u n g s t e n .  The h e a t e r  assembly 
was t h e n  i n s e r t e d  i n  t h e  emitter  housing c a v i t y  and p i e c e s  of a l m i n a  
w e r e  p l a c e d  between t h e  h e a t e r  and t h e  w a l l s  on a l l  four s ides  
and a t  t h e  bot tom o f  t h e  c a v i t y  (see F i g u r e s  99 and P O O ) ,  Figure 
157 shows t h e  assembly b e f o r e  t h e  c a s t i n q  o p e r a t i o n .  After c a s t i n q ,  
t h e  emitters w e r e  b r a z e d  i n t o  t h e i r  c a v i t i e s  and t h e  comple te  
s e n s o r ,  shown i n  F i g u r e  159 ,  was assembled.  Three meta l -ceramic  
j o i n t s  w e r e  used i n  t h e  c o m ~ l e t e  assembly.  These i n c l u d e d :  
1. Mounting o f  t h e  e n c a p s u l a t e d  h e a t e r  assemblv (molybdenm) 
t o  t h e  Lucalox ceramic  b a s e ,  
2 .  Mounting o f  t h e  Nb-1Zr s u p p o r t  p l a t e  t o  t h e  Lucalox ceramic 
b a s e  and 
3 .  Mounting o f  t h e  r e f e r e n c e  c o l l e c t o r  s u r f a c e  t o  t h e  Lucalox 
ce ramic  base .  
A11 t h e  above j o i n t s  must,  of  cou r se ,  main ta in  mechanical 
stability. In a d d i t i o n ,  j o in ing  o p e r a t i o n s  (1) and ( 2 )  must t a k e  
p l a c e  a t  a low enough temnerature  (below 2300°F) t o  p revent  damage 
t o  t h e  thermionic  e m i t t e r s .  The r e f e r e n c e  c o l l e c t o r  may be mounted 
a t  a h igher  temperature  s i n c e  t h i s  ope ra t ion  t a k e s  p l a c e  p r i o r  t o  
mountinq of t h e  encapsu la ted  h e a t e r  assembly ( s e e  F igure  158) .  
For t h e  f i r s t  t e s t  assembly, t u n g s t e n / y t t r i a  was used (1) a s  t h e  
m e t a l l i z i n g  m a t e r i a l  f o r  t h e  p o s t s  on which t h e  encapsu la ted  
h e a t e r  assembly was b razed ,  ( 2 )  a s  t h e  m e t a l l i z i n g  m a t e r i a l  f o r  t h e  
braze between t h e  ceramic base and i t s  Nb-1Zr suppor t  p l a t e  and 
6 3 )  t o  e s t a b l i s h  t h e  r e f e rence  c o l l e c t o r  s u r f a c e .  A n i c k e l /  
niobium/ti tanium braze  m a t e r i a l  was used t o  make both t h e  h e a t e r  
assembly/ceramic and t h e  ceramic/support  p l a t e  j o i n t s .  
The assembly o f  Figure  159 was mounted on a  vacuum f l ange  
equipped w i t h  a  micrometer head, i n s t a l l e d  i n  a  chamber of  t h e  
Vacuum Tes t  F a c i l i t y  and baked-out t o  1800°F wi th  a  chamber p re s su re  
of 3 X 10"~ t o r r .  A t  t h i s  p o i n t ,  t h e  encapsu la ted  h e a t e r  was 
energ ized  and e m i t t e r  a c t i v a t i o n  was begun. A f t e r  about 2 0  hours 
of o p e r a t i o n ,  dur ing  which t ime t h e  emiss ion c u r r e n t s  from both 
e m i t t e r s  were c l o s e  t o  t h e  va lues  p r e d i c t e d  by space-charge theo ry ,  
t he  heater developed an open c i r c u i t .  P re l iminary  examination in-  
d i c a t e d  t h a t  t h e  open c i r c u i t  occur red  i n  t h e  f i r s t  h e a t e r  t u r n  
around t h e  alumina c o i l  form, which inc luded  one of t h e  plasma- 
sprayed j o i n t s .  E f f o r t s  t o  disassemble  t h e  h e a t e r  and determine 
e x a c t l y  where t h e  f a i l u r e  occur red  were unsuccess fu l .  
The f a i l u r e  of t h e  h e a t e r  of T-1  i n d i c a t e d  t h e  use of rhenium 
wire  i n s t e a d  of  tungs ten  wi re  t o  improve t h e  high-temperature 
c h a r a c t e r i s t i c s  of  t h e  h e a t e r  and i t s  e x t e r n a l  l e a d s .  The use  
of  rhenium would b r ing  about t h e  fol lowing improvements. 
1. A rhenium/rheniurn weld j o i n t  would r ep l ace  t h e  tungs ten /  
molybdenum plasma-sprayed j o i n t ,  r e s u l t i n q  i n  a  s t r o n g e r ,  
more s t a b l e  connect ion.  
2 .  The improved d u c t i l i t y  of rhenium would minimuze t h e  
breakage problem caused by bending t h e  e x t e r n a l  hea ter  
l e a d s  a f t e r  c a s t i n g .  Mounting t h e  encapsu la ted  h e a t e r  
assembly on t h e  ceramic base r equ i r ed  t h a t  sharp  bends 
be made i n  t h e  h e a t e r  power l e a d s  so t h a t  t h e  w i r e s  could 
be i n s e r t e d  i n  t h e  proper  ho le s  i n  t h e  ceramic base .  How- 
e v e r ,  a f t e r  t h e  c a s t i n s  o p e r a t i o n s ,  t h e  molvbdenm wires 
became b r i t t l e  and s u b j e c t  t o  breakage dur ing  t h e  bendinq  
ope ra t ion .  ' 
To implement t h e s e  re f inements ,  both  0 .010  and 0 . 0 1 2  i n c h  d i a -  
meter  rhenium wi re  was ob ta ined  f o r  t h e  e x t e r n a l  l e a d s  and a heater 
des ign  was developed us inq  0.003 inch  d iameter  rhenium wire, 
However, w i r e  embr i t t l ement  and breakage problems encountered i n  
t h e  f a b r i c a t i o n  of t h e  h e a t e r  i n d i c a t e d  t h a t  t h e  development of t h e  
pure  rhenium h e a t e r  would t a k e  t o o  long t o  be o f  va lue  i n  the 
program. A s  a  second choice ,  h e a t e r s  of 0.003 inch  diameter  W-3Re 
wire  ( s ee  Figure  1 0 0 )  were ordered.  Un t i l  t h e s e  h e a t e r s  were 
r ece ived ,  work cont inued usinq t h e  tungs ten  h e a t e r  and rhenium 
e x t e r n a l  l eads .  
The n e x t  two tes t  d e v i c e s ,  T-2 and T-3, c o n t a i n e d  a  t u n q s t e n  
neater with rhenium e x t e r n a l  l e a d s .  T-2 used 0 . 0 1 0  i n c h  d i a m e t e r  
rhenium wire: T-3 used 0.012 i n c h  d i a m e t e r  rhenium w i r e .  The tunq-  
sten/rhenium connec t ion  was welded and appeared  much s t r o n g e r  t h a n  
t h e  plasma-sprayed tungsten/molybdenum c o n n e c t i o n  used i n  T-1. 
The T-2 u n i t  i n c o r ~ o r a t e d  t h e  micrometer  head f i x t u r e  t o  
control t h e  motion o f  a  s i m u l a t e d  a c t i v e  c o l l e c t o r .  I n i t i a l  e m i t t e r  
activation i n d i c a t e d  t h a t  t h e  emiss ion  c u r r e n t s  from b o t h  e m i t t e r s  
were close t o  t h e  v a l u e s  p r e d i c t e d  by space  c h a r g e  t h e o r y .  A f t e r  
bake-out, the a c t i v e  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s  became e r -  
r a t i c ,  f o r c i n g  s u s p e n s i o n  o f  t h e  t e s t  and removal o f  t h e  u n i t  t o  
determine t h e  c a u s e  o f  t h e  problem. 
The T-3 u n i t  c o n s i s t e d  o f  t h e  t h e r m i o n i c  d i o d e  s e n s o r  i n s t a l -  
led inside t h e  C-129Y doub le  c o n v o l u t i o n  p r e s s u r e  c a p s u l e .  The 
C-129Y c a p s u l e ,  which had been used i n  t h e  i n i t i a l  d e f l e c t i o n  t es t s ,  
w a s  modified t o  a l l o w  f o r  argon p r e s s u r i z a t i o n  o f  t h e  T-3 u n i t  
i n  the Vacuum T e s t  F a c i l i t v .  Fol lowing t h e  i n i t i a l  bake-out ,  
an e l e c t r i c a l  s h o r t  was obse rved  between t h e  C-129Y c a ~ s u l e  and t h e  
emitter housinu o f  t h e  t h e r m i o n i c  s e n s o r .  The u n i t  was removed 
from t h e  vacuum chamber and d i s m a n t l e d .  I n  b o t h  t h e  T-2 and T-3 
units, faulty b r a z e  j o i n t s  w e r e  found between t h e  e m i t t e r  hous ing 
and t h e  Lucalox ce ramic  base .  The r e s u l t a n t  cock ing  o f  t h e  e m i t t e r  
housinq on t h e  Lucalox base  caused t h e  e r r a t i c  d a t a  o f  T-2 and t h e  
short c i r c u i t  i n  T-3. I n  a d d i t i o n ,  h a i r l i n e  c r a c k s  were n o t i c e d  
zt t h e  base of  t h e  Lucalox p o s t s  upon which t h e  e m i t t e r  hous ing was 
roui-i ted,  TCI r e s o l v e  t h e s e  problems,  it was d e c i d e d  t o  move t h e  p o s i -  
t l o n  o f  the Lucalox p o s t s  s o  t h a t  e a c h  p o s t  had a  c e n t r a l  h o l e .  
1 0 4  
Prev ious ly ,  t h e  ho le s  had been used t o  con ta in  t h e  wi r ing  t o  t h e  
thermionic  d iode  senso r .  Reinforcing wi re s  were placed i n  t h e  
ho le s  and brazed i n  p l ace .  Enough of  t h e  wire  extended o u t  
t h e  t o p  o f  t h e  p o s t s  t o  mechanical ly  hold down t h e  mountinq tabs 
of t h e  e m i t t e r  housing. For added s t r u c t u r a l  i n t e g r i t y ,  t h e  wire 
was brazed t o  t h e  mountinq t a b .  
Two new Lucalox bases ,  i nco rpo ra t ing  t h e  r e i n f o r c i n q  wi re s ,  
w e r e  prepared f o r  u se  i n  T-2 and T-3. During re-assembly of t h e  
T-3 u n i t ,  t h e  h e a t e r  developed an open-curcui t  i n s i d e  t h e  casting, 
r e q u i r i n g  t h e  p r e p a r a t i o n  o f  a new encapsu la ted  h e a t e r  assembly. 
A t  t h i s  t ime ,  t h e  W-3Re h e a t e r s  had been ob ta ined  and were used 
wi th  0 . 0 1 2  i nch  d iameter  rhenium e x t e r n a l  l eads .  The new h e a t e r  
e x h i b i t e d  good d u c t i l i t y  dur ing  assembly and t h e  W-3Re/rhenim 
weld j o i n t  appeared sound. The T-2 u n i t  was re-assembled w i t h  i t s  
o r i g i n a l  pure tungs ten  h e a t e r  assembly. 
Both T-2 and T-3 were i n s t a l l e d  i n  t h e  Vacuum T e s t  Facility 
and fol lowing i n i t i a l  bake-out, underwent e m i t t e r  a c t i v a t i o n ,  
The a c t i v e  c o l l e c t o r  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s  of T-2 w e r e  
found t o  be lower t han  expected.  The a c t i v a t i o n  process  w a s  can- 
t i n u e d  bu t  no app rec i ab l e  i n c r e a s e  i n  c u r r e n t  was ob ta ined ,  A 
p o s s i b l e  reason  f o r  t h i s  cond i t i on  could have been a d e t e r i o r a t i o n  
of t h e  e m i t t e r s  brought about by handl ing when r e b u i l d i n g  T--2, 
During e m i t t e r  a c t i v a t i o n ,  t r a n s d u c e r  T-3 e x h i b i t e d  an elec- 
t r i c a l  s h o r t - c i r c u i t  between t h e  C-129Y capsu le  and t h e  emitter 
housing of  t h e  thesmionic  s enso r .  The e l e c t r i c a l  s h o r t  appeared 
t o  have o c c u r r e d  i n  t h e  s p a c i n g  between t h e  h o l e  i n  t h e  C-129Y 
capsule (0 ,216  i n c h  I . D . )  and t h e  e m i t t e r  hous inq (0.206 i n c h  
C.D.), A s l i g h t  change i n  a l ignment  o f  t h e  t h e r m i o n i c  d iode  s e n s o r  
i n  t h e  pressure c a p s u l e  coup led  w i t h  any s h i f t s  i n  a l ignment  a t  
1800°F c o u l d  have r e s u l t e d  i n  t h e  e l e c t r i c a l  s h o r t  c i r c u i t .  
T-3 was d i sassembled .  The C-129Y c a p s u l e  was modi f i ed  a s  d e s c r i b e d  
below and a new t h e r m i o n i c  d i o d e  s e n s o r  was f a b r i c a t e d  t o  r e s o l v e  
t h e  shorting problem. The new u n i t  was deno ted  T-4.  
The t h e m i o n i c  s e n s o r  o f  T-4 used  a  W-3Re h e a t e r  w i t h  0.012 
i n c h  d iamete r  rhenium e x t e r n a l  l e a d s .  The b e a t e r  e x h i b i t e d  good 
ductilitv d u r i n g  assembly and t h e  W - 3  Re/rhenium spot-welded j o i n t  
appeared sound. 
I n  a d d i t i o n ,  t r a n s d u c e r  T-4 i n c o r p o r a t e d  t h e  f o l l o w i n g  changes  
4, The h o l e  i n  t h e  C-129Y c a p s u l e  was opened t o  0.250 i n c h  
2, The Lucalox ce ramic  base  o u t s i d e  d i a m e t e r  was i n c r e a s e d  
t o  0.236 i n c h .  S i n c e  t h e  o u t s i d e  d i a m e t e r  o f  t h e  e m i t t e r  
hous ing remained a t  0.206 i n c h ,  t h e  Lucalox base  s e r v e d  
as a n  i n s u l a t o r  between t h e  p r e s s u r e  c a n s u l e  and t h e  em- 
i t t e r  hous ing.  
3 ,  The t h r e e  w i r e s  runn ing  th rouqh  t h e  Lucalox which were used 
"c . p o s i t i o n  t h e  e m i t t e r  hous ing were r e p l a c e d  by 0.015 
i n c h  d i a m e t e r  Nb-1Zr w i r e s ,  t h a t  had one end f l a t t e n e d  
t o  form a  b o l t  head,  and t h e  o t h e r  end t h r e a d e d .  Holes 
were d r i l l e d  i n  t h e  e m i t t e r  housing mounting t abs  and t h e  
Nb-1Zr wi re s  were passed through t h e  housing rnounting t a b s  
and t h e  ho le s  i n  t h e  Lucalox. The f l a t t e n e d  heads of t h e s e  
w i re s  were used t o  e x e r t  p r e s su re  on t h e  housing mounting 
t a b s .  The th readed  ends of  t h e  wi res  l eav inq  t h e  Lucalox 
end o f  t h e  assembly were he ld  wi th  Nb-1Zr n u t s ,  This  method 
o f  assembly r e s u l t e d  i n  a  more s t a b l e  mountinq sf t h e  
e m i t t e r  housing on t h e  Lucalox base .  One of t h e  Nb-IZr 
" b o l t s "  was used a s  t h e  e l e c t r i c a l  connect ion t o  t h e  
e m i t t e r s .  
4 .  To moni tor  t h e  e m i t t e r  temperature ,  a  Pt/Pt-13 Rb t h e m o -  
couple was spot-welded t o  t h e  e m i t t e r  housing,  
Because of  t h e  r e l a t i v e l y  s u c c e s s f u l  f a b r i c a t i o n  of T - 4 ,  
f u t u r e  t e s t  dev ices  concent ra ted  on t r ansduce r  models us inq p re s sg re  
capsu les  i n s t e a d  o f  t h e  micrometer head f i x t u r e  used i n  T-2, -  
Accordingly,  t e s t s  on T-2 were suspended and ano the r  t e s t  unit, 
T-5, was f a b r i c a t e d  i n c o r p o r a t i n g  t h e  FS-85 double convolut ion 
p r e s s u r e  capsu le  p rev ious ly  t e s t e d  us ing  t h e  o p t i c a l  measuring 
technique.  I n  a l l  r e s p e c t s ,  T-5 was i d e n t i c a l  t o  T-4. 
F igure  1 6 0  p r e s e n t s  t h e  space-charqe d a t a  ga the red  from T - 4 ,  
The d a t a  i s  p l o t t e d  on loq- log coo rd ina t e s  wi th  e m i t t e r - c o l l e c t o r  
d i s t a n c e  a s  a  parameter .  The c u r r e n t  s c a l e  was ob ta ined  from t h e  
space-charge c u r r e n t  d e n s i t y ,  assuming an e m i t t e r  o+  0.125 inch 
diameter .  The r e f e r e n c e  c o l l e c t o r  spacinq was seen t o  be about 
0.006 inch  whi le  t h e  a c t i v e  c o l l e c t o r  spacing was about 0 . 0 0 4 5  inch. 
A seve re  emiss ion- l imi ted  cond i t i on  e x i s t e d  f o r  ir above a n  applied 
voltaqe of ~8'volts. An operatinq voltage of 16 volts was chosen 
f o r  the pressure - output current tests. An operatinq pressure range 
of 0 to 50 inches of mercury was chosen for T-4. Piqure 161 pre- 
sents the pressure-output current characteristics for T-4. Figure 
162 shows the device heater power necessary to maintain the emitters 
at 2100°F as the test chamber temperature was varied. 
I4nalysi.s of the ia and ir data indicated that the relatively 
large shifts in the output current characteristics with temperature 
as shown in Figure 161 could be caused by thermal expansion effects 
between the pressure capsule (active collector) and the Lucalox 
base of the thermionic sensor. Both ia and ir were observed to 
decrease with increasing temperature. For given pressure and voltage 
conditions, this decrease in current can be attributed to an increase 
in "Le collector spacing. When referred to the chamber temperature, 
the most probable explanation for this shift is that both the 
C-129Y ca~sule and the Lucalox posts on which the emitter housing was 
mounted experienced thermal expansions. These expansions would 
result in increased collector distances and decreased values of ia 
and ir respectivelv. 
Fisure 163 shows the experimental values of ia and ir as 
functions of chamber temperature at zero pressure and an applied 
vortage of 16 volts. In the temperature range of interest (1000 
to 1800°F), the coefficients of thermal expansion of both niobium, 
the main component OF C-129Y, and alumina, the main component 
o f  Lucalax, vary linearly with temperature. 
The a c t i v e  and r e f e r e n c e  c o l l e c t o r  d i s t a n c e s  a l s o  vary 
l i n e a r l y  w i t h  t e m p e r a t u r e  i f  t h e  c o e f f i c i e n t s  of  t h e m a l  expans ion 
v a r y  l i n e a r l y .  If t h e  v a l u e s  f o r  ia and ir cor respond ing  t o  L O O 0  
and 1800°F a r e  a c c e p t e d  a s  v a l i d ,  i n t e r p o l a t e d  c u r r e n t  v a l u e s  
f o r  1200,  1400 and 1600°F may be  o b t a i n e d  from t h e o r e t i c a l  space-  
cha rge  r e l a t i o n s  i n v o l v i n g  v o l t a g e ,  c u r r e n t  and d i s t a n c e .  These 
t h e o r e t i c a l  r e l a t i o n s  a r e  r e p r e s e n t e d  g r a p h i c a l l y  by t h e  d i s t a n c e  
l i n e s  o f  F i g u r e  160. S c a l i n g  o f f  l i n e a r  d i s t a n c e  changes on t h e  
space-charge  p l o t s  r e s u l t e d  i n  t h e  i n t e r p o l a t e d  c u r r e n t  v a l u e s  
shown i n  F i g u r e  163.  C lose  agreement  was observed between t h e  ex- 
p e r i m e n t a l  and i n t e r p o l a t e d  c u r r e n t  v a l u e s ,  w i t h  t h e  e :xcept isn  of 
t h e  1200°F v a l u e  f o r  i,. I t  a p ~ e a r e d  t h a t  t h i s  e x p e r i m e n t a l  value 
was p r o b a b l y  i n  e r r o r .  
C o r r e c t i o n  f a c t o r s  w e r e  c a l c u l a t e d  t o  a d j u s t  t h e  curves 
o f  F i g u r e  1 6 1  t o  a n  1800°F r e f e r e n c e .  Table  1 3  p r e s e n t s  the-values 
o f  ia and ir measured a t  16 v o l t s  and z e r o  p r e s s u r e  f o r  t h e  various 
tes t  t e m p e r a t u r e s .  The chanqes  i n  ia and ir w i t h  t e m p e r a t u r e  were 
used t o  c o m ~ u t e  an  (ia-ir) c o r r e c t i o n .  A c o r r e c t i o n  was n o t  ob t a ined  
a t  1200°F s i n c e  t h e  e x p e r i m e n t a l  v a l u e  f o r  ir a p p e a r s  t o  be i n  
e r r o r .  Applvinq t h e  c o r r e c t i o n s  o f  Table  1 3  t o  t h e  measured v a l u e s  
of (ia - ir) shown i n  t h e  c u r v e s  o f  F i a u r e  1 6 1  r e s u l t e d  i n  t h e  
c u r v e s  shown i n  F i g u r e  164.  The s e n s i t i v i t y  o f  t h e  t r a n s d u c e r  
(chanqe i n  c u r r e n t  w i t h  change i n  p r e s s u r e )  appeared  t o  d e c r e a s e  
f o r  i n c r e a s i n g  t e m p e r a t u r e  because  t h e  d e c r e a s e  i n  ia due t o  t h e m a l  
expans ion  o f  t h e  c a p s u l e  i s  q r e a t e r  t h a n  t h e  change i n  Young's 
modulus o f  t h e  c a ~ s u l e  m a t e r i a l  w i t h  t e m p e r a t u r e .  
T A B L E  1 3  
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Unfor tuna te ly ,  t h e  d a t a  ga the red  on T-5 us ing  t h e  FS-85 
capsu le  y i e l d e d  e r r a t i c  r e s u l t s .  A f t e r  T-4 and T-5 had been i n  
continuous ope ra t ion  about 1500 and 850 hours r e s p e c t i v e l y ,  both 
t e s t  dev ices  e x h i b i t e d  some l o s s e s  i n  emission from t h e  e m i t t e r s  
used i n  t h e  r e f e rence  c i r c u i t .  To a  l e s s e r  e x t e n t ,  t h e  same 
e f f e c t  was no t i ced  i n  t h e  a c t i v e  e m i t t e r  c i r c u i t s .  
I n v e s t i g a t i o n  showed t h a t  t h r e e  p o s s i b l e  problem a r e a s  
could have accounted f o r  t h e  l o s s  i n  emission.  One was the braze  
j o i n t  holding t h e  secondary r e f e rence  c o l l e c t o r  i n  t h e  Lucalox 
s e c t i o n  of  t h e  s enso r .  Durinq o p e r a t i o n ,  t h e  braze  m a t e r i a l  could 
have r eac t ed  wi th  t h e  e m i t t e r .  The second was t h e  pla.tinum therrns- 
couple  used t o  moni tor  t h e  e m i t t e r  temperature .  The emission cou ld  
have been degraded by pla t inum miq ra t ion  over  t h e  e m i t t e r  s u r f a c e s .  
L a s t l y ,  t h e  l o s s  i n  emiss ion could have been due t o  an over-extended 
a c t i v a t i o n  procedure which r e s u l t e d  i n  exces s ive  l o s s  of impregnant 
m a t e r i a l  from t h e  e m i t t e r s .  I n  a .ddi t ion t o  t h e s e  f a b r i c a t i o n  and 
o p e r a t i o n  a s p e c t s  it was c l e a r  t h a t  t h e  e m i t t e r s  could be a 
problem a r e a  and procedures  should be developed t o  a s s u r e  that 
proper  q u a l i t y  c o n t r o l  be mainta ined on t h e  e m i t t e r s .  
To i n v e s t i g a t e  t h e  problem a r e a s  mentioned above, T-5 was 
disassembled and t h e  FS-85 p r e s s u r e  capsu le  was f i t t e d  w i t h  a 
new thermionic  diode senso r  t o  form a  new t e s t  u n i t ,  T - 6 ,  The 
thermionic  diode senso r  had t h e  fol lowinq f e a t u r e s .  
1. The senso r  d i d  no t  i nc lude  t h e  secondarv r e f e r e n c e  e o l l -  
e c t o r .  
2 .  The Pt/Pt-13 R h  t hemocoqp le  was r ep l aced  bv a W-5  Re/ 
W-26 Re thermocouple. This thermocouple was spot-welded 
t o  t h e  e m i t t e r  housing. 
3 ,  The e m i t t e r s  w e r e  p r e - a c t i v a t e d  i n  vacuum ( a b o u t  10-6 
t o r r )  a t  2 2 8 0 ' ~  f o r  25 minu tes  b e f o r e  assembl ing  t h e  
s e n s o r .  I n  t h e  Vacuum T e s t  F a c i l i t y ,  a n o t h e r  2 0  minute  
p r e - a c t i v a t i o n  p e r i o d  a t  228O0F was completed.  C u r r e n t  
was drawn from t h e  e m i t t e r s  d u r i n a  t h e  second p r e - a c t i v a -  
t i o n  p rocedure .  
4, The N b - 1 Z r  " b o l t s "  used t o  h o l d  down t h e  e m i t t e r  hous ing  
t o  t h e  Lucalox b a s e  were rhenium-pla ted .  The ~ l a t i n q  was 
done t o  avo id  any p o s s i b l e  r e a c t i o n  between t h e  columbium 
and t h e  Lucalox. 
T-4 was d i sassembled  and t h e  C-129Y p r e s s u r e  c a p s u l e  was 
fitted w i t h  a  new t h e r m i o n i c  d i o d e  s e n s o r  t o  form a  new t e s t  u n i t ,  
T-7,  The s e n s o r  was i d e n t i c a l  t o  t h e  s e n s o r  p r e p a r e d  f o r  T-6 
except t h a t  a  secondary  r e f e r e n c e  c o l l e c t o r  was i n c l u d e d .  I t  was 
i n t e n d e d  t h a t  comparison o f  d a t a  c o l l e c t e d  on T-6 and T-7 would 
i n d i c a t e  whether  t h e  secondary  r e f e r e n c e  c o l l e c t o r  h a s  any d e t r i -  
mental e f f e c t s  on s e n s o r  o p e r a t i n s  l i f e .  If t h e  t e s t i n q  i n d i c a t e d  
that t h e  secondarv  r e f e r e n c e  c o l l e c t o r  s h o u l d  n o t  be u s e d ,  t h e  
W-5 Re/W-26 R e  thermocouple cou ld  be  used i n  t h e  f i n a l  d e s i g n  
to i n d i c a t e  and c o n t r o l  t h e  emitter  t e m p e r a t u r e .  
A s  i n d i c a t e d  i n  Tab le  1 2 ,  2700 and 2000 t e s t  h o u r s  were ac- 
cumulated on T-6 and T-7 r e s p e c t i v e l y .  Durinq t h e  t e s t i n g ,  two 
complete sets  o f  p r e s s u r e - o u t p u t  t e s t s  were run  on b o t h  T-6 and 
T-7, The t e s t s  c o n s i s t e d  o f  t h r e e  p r e s s u r e  c y c l e s  a t  1800,  1600,  
1400, 1 2 0 0 ,  1000,  1200, 1400,  1600,  and 1800°F. Space-charge 
d a t a  taken be fo re  and a f t e r  t h e  temperature  runs  were used t o  i n -  
d i c a t e  t h e  a c t i v e  and r e f e r e n c e  c o l l e c t o r  d i s t a n c e s  and any e m i t t e r  
poisoning t h a t  might be  resent. For t h e  f i r s t  t e s t s  on both 
T-6 and T-7, t h e  supply v o l t a q e  f o r  ze ro  p re s su re  was 10 v o l t s  for 
a l l  t e s t  t emnera tures .  The use  o f  a  cons t an t  zero-pressure  supply 
vo l t age  f o r  a l l  t empera tures ,  coupled wi th  any s h i f t s  i n  t h e  pres- 
s u r e  capsu le  ( a c t i v e  c o l l e c t o r )  wi th  temperature ,  r e s u l t e d  i n  
d i f f e r e n t  sum-of-the-currents (ia + ir) va lues  a t  each temperature ,  
Complete s e t s  of p ressure-ou tpu t  c u r r e n t  (ia - ir) d a t a  from T-6 
and T-7 a r e  p re sen ted  i n  F igures  165 through 172. F iqures  1 6 5  
through 168 r e l a t e  t o  T-6 and F igures  169 through 172 r e l a t e  to 
T-7. For both  t r a n s d u c e r s ,  t h e  d a t a  a r e  p resen ted  i n  t h e  following 
sequence; i n i t i a l  space-charge d a t a ,  p r e s s u r e - o u t ~ u t  data far 
decreas ing  t e m ~ e r a t u r e s ,  p ressure-ou tpu t  d a t a  f o r  i n c r e a s i n q  temp- 
e r a t u r e s  and f i n a l  space-charge d a t a .  
From t h e  i n i t i a l  space-charge d a t a  shown i n  F iqures  1 6 5  and 169, 
an o p e r a t i n g  v o l t a q e  o f  about  1 0  v o l t s  w a s  chosen f o r  T-6 and T-7, 
This  vo l t age  r e s u l t e d  i n  no apparen t  poisoning e f f e c t  i n  e i t h e r  
sensor .  To o b t a i n  about 0 . 0 0 1  inch  p r e s s u r e  capsu le  d e f l e c t i o n ,  
f u l l  s c a l e  p r e s s u r e s  o f  50 inches  o f  mercury and 60 p s i a  were chosen 
f o r  T-6 and T-7, r e s p e c t i v e l y .  
Table 1 4  p r e s e n t s  t h e  va r ious  c u r r e n t  ~ a r a m e t e r s  wi th  b O  v o l t s  
app l i ed  t o  t h e  s enso r  a t  zero  p re s su re .  The d a t a  of Table 14 i n -  
d i c a t e d  t h a t  t h e  major 'por t ion  of  t h e  zero  s h i f t  wi th  temperature  
i n  t h e  o u t p u t  c u r r e n t  (ia-ir) was due t o  s h i f t s  i n  t h e  a c t i v e  c o l -  
lector d i s t a n c e  p robab ly  r e l a t e d  t o  t h e r m a l  expans ion  e f f e c t s .  
A s  t h e  t e m ~ e r a t u r e  d e c r e a s e d ,  t h e  p r e s s u r e  c a p s u l e  c o n t r a c t e d  
and t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  d e c r e a s e d ,  r e s u l t i n g  i n  an i n c r e a s e  
i n  ia, The e f f e c t  was more pronounced i n  T-6 t h a n  i n  T-7, shown 
by comparing t h e  s h i f t s  w i t h  t e m p e r a t u r e  o f  t h e  d a t a  of  F i g u r e s  
166 and 167 (T-6) w i t h  t h e  s h i f t s  w i t h  t e m p e r a t u r e  o f  t h e  d a t a  o f  
F i g u r e s  170 and 171  (T-7) .  
F i g u r e s  165 and 168 ,  t h e  t w o  s e t s  o f  space-charge  d a t a  on T-6, 
i n d i c a t e d  t h a t  t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  d e c r e a s e d  from a  l i t t l e  
under  0 , 0 0 4  i n c h  p r i o r  t o  t h e  t e m g e r a t u r e  t es t s  t o  a b o u t  0.0035 
inch f o l l o w i n g  t h e  t e m p e r a t u r e  tests .  Space-charge r u n s  t a k e n  
abou t  two weeks l a t e r  showed t h a t  t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  
had d e c r e a s e d  s t i l l  F u r t h e r  t o  a b o u t  0.0032 i n c h .  A t  t h a t  t i m e ,  
T-6 was removed from t h e  t e s t  chamber t o  a d j u s t  t h e  a c t i v e  c o l l e c t o r  
distance t o  a  v a l u e  c l o s e r  t o  t h a t  o f  t h e  r e f e r e n c e  c o l l e c t o r  
( abou t  0 , 0 0 5  i n c h ) .  The t h e r m i o n i c  s e n s o r  was shimmed t o  a d j u s t  
t h e  active c o l l e c t o r  d i s t a n c e  and T-6 was r e - i n s t a l l e d  i n  t h e  t e s t  
chamber. 
The p r e s s u r e - o u t p u t  t e s t s  were r e p e a t e d  on b o t h  T-6 and T-7. 
However, i n s t e a d  o f  u s i n g  a c o n s t a n t  z e r o - p r e s s u r e  v o l t a g e  a t  a l l  
t e m p e r a t u r e s ,  a c o n s t a n t  sum-of-the- current.^ (ia + ir) v a l u e  was 
used For a l l  t e rnnera tu res .  The t h e r m a l  expans ion  e f f e c t s  mentioned 
above were minimized s i n c e  any i n c r e a s e s  i n  c u r r e n t  ( e s p e c i a l l v  ia) 
were r e s t r i c t e d  by t h e  c o n s t a n t  ( i a + i r )  r e q u i r e m e n t .  I n  a d d i t i o n ,  
TABLE 14 
ZERO PRESSURE TEST PARAMETERS; 
CONSTANT APPLIED VOLTAGE, 10  VOLTS 
the tests were more representative of final transducer operation 
since the signal conditioninq system operation is based on main- 
c a i n i n q  a constant (ia + i,) value. 
Complete sets of pressure-output current,(ia - ir) data from 
these second tests on T-6 and T-7 are presented in Figures 173 
throuqh 187. Fiqures 173 throuqh 176 relate to T-6 and present 
the data in the followinq sequence; initial space-charge data, 
pressure-output data for decreasing temperatures, pressure-output 
data for increasing temperatures and final space-charge data. 
Figures 177 through 187 relate to T-7 and present the data in the 
following sequence; initial space-charge data, pressure-output- 
temperatu:re data (Figures 178 through 186) and final space-charge 
data, Each temperature test on T-7 is presented separately since 
the data correspondinq to each temperature test are not disting- 
uishable when plotted on one format. 
There was a marked improvement in zero shift indicated by com- 
paring the pressure-output data of Figures 173 through 187 with 
those of Figures 165 through 172. Table 15 presents the various 
zero-pressure parameters using a constant sum-of-the-currents 
value ( 7 0  ma) for each temperature. 
The improvement in zero shift is evident by comparing the 
iia-i,) values of Table 15 with those of Table 14. Usinq Table 14 
data, the spreads in (ia-ir) values with temperature for T-6 and 
T-7 were 50.0 and 9.5 milliamperes, respectively. Usinq the sum-of- 
the-currents value as the reference parameter, the spreads in (is-ir) 
values with temperature, from Table 15, decreased to 20.6 and 2.4 
milliamperes for T-6 and T-7, respectivelv. 
TABLE 15 
ZERO PRESSURE TEST PARAMETERS; 
CONSTANT SUM-OF-THE- CURRENTS, 70 ma 
1000 70.0 37.8 70.0 23.2 
, 1200 70.0 33.4 70.0 22.5 
1400 70.0 28.3 70.0 24.3 
1600 70.0 24.7 70.0 22.3 
1800 70.0 23.5 70.0 23.6 
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Two f u r t h e r  o b j e c t i v e s  of t h e  t e s t  program were t o  determine 
t h e  e f f e c t  of t h e  secondary r e f e r e n c e  c o l l e c t o r  on ope ra t ing  l i f e  
and t o  check t h e  ope ra t ion  of t h e  h e a t e r  c o n t r o l  loop of t h e  
e l e c t r i c a l  s i g n a l  condi t ion ing  system. Tes t  d a t a  d id  no t  i n d i c a t e  
any d e f i n i t e  e f f e c t  of  t h e  secondary r e f e r e n c e  c o l l e c t o r  on ope ra t -  
inq Life, However, t e s t s  performed wi th  t h e  i n i t i a l  breadboard 
s i g n a l  cond i t i on ing  system showed t h a t  t h e  secondarv r e f e rence  
c o l l e c t o r  could n o t  be used t o  a c c u r a t e l y  c o n t r o l  t h e  e m i t t e r  
O r i g i n a l l y  it was in tended t o  have t h e  secondary r e f e rence  
co$l.eetor c u r r e n t  s e rve  a s  an i n d i c a t i o n  of  t h e  continuous ope ra t ion  
of  t h e  t h e m i o n i c  diode senso r  i n  t h e  space charge l i m i t e d  mode. 
I n i t i a l  t e s t s  run on t h e  s i g n a l  condi t ion inq  breadboard wi th  T-7 
showed t h a t  t h e  secondary r e f e r e n c e  c o l l e c t o r  c u r r e n t  a c t u a l l y  
c o n s i s t e d  of  two components. The f i r s t  component was t h e  expected 
current Flowinq between t h e  e m i t t e r  and t h e  secondary r e f e rence  
csE%ectoor. 
The second component was a  c u r r e n t  flowinu between t h e  r e f e r e n c e  
collector and t h e  secnnc3arv r e f e rence  c o l l e c t o r  due t o  t h e  d i f -  
ference i n  t h e  vo l t aqes  a p ~ l i e d  t o  t h e  two elements .  While t h e  
voltage app l i ed  t o  t h e  secondary r e f e r e n c e  c o l l e c t o r  was c o n s t a n t ,  
t h e  v o l t a q e  app l i ed  t o  t h e  r e f e rence  c o l l e c t o r  v a r i e d .  I t s  va lue  
was detenmined no t  by e m i t t e r  t e m ~ e r a t u r e ,  bu t  by t h e  cons t an t  
sum-of-the-currents (ia + ir) cond i t i on .  This  second component 
t h e r e f o r e  prevented a c c u r a t e  ope ra t ion  of t h e  h e a t e r  c o n t r o l  loop 
w i t h  t h e  secondary r e f e rence  c o l l e c t o r  c u r r e n t  a s  t h e  i npu t .  
Rather than  under taking a  re-design t o  e l i m i n a t e  t h e  current 
between t h e  r e f e r e n c e  c o l l e c t o r  and t h e  secondary r e f e r e n c e  coE- 
l e c t o r ,  t h e  t e s t i n g  was cont inued us ing  t h e  o u t ~ u t  of thw W-SRe/ 
W726Re thermocouple mounted on t h e  e m i t t e r  housing a s  t h e  h e a t e r  
c o n t r o l  loop inpu t .  Use o f  t h i s  thermocouple t o  main ta in  a 2100°F 
e m i t t e r  temperature  a l s o  assured  cont inuous space-charge limited 
o p e r a t i o n  s i n c e  t h e  thermionic  s enso r  opera ted  a t  supply voltages 
f o r  which t h e  o n s e t  o f  emiss ion- l imited cond i t i ons  occurs  a t  temp- 
' e r a t u r e s  wel l  below t h e  2100°F l e v e l .  
Using t e s t  t r ansduce r  T-7, ope ra t ion  of  t h e  h e a t e r  control 
loop was checked wi th  t h e  W-5Re/W-26Re thermocouple a s  t h e  i n p u t *  
The e m i t t e r  temperature  was programmed t o  2100°F and he ld  w i t h i n  
10°F over  an ambient temperature  range o f  1 0 0 0  t o  1800°F, 
Unfor tuna te ly ,  t e s t  t r ansduce r  T-7 developed an open -c i r cu i t  
h e a t e r  s h o r t l y  a f t e r  t h e  e m i t t e r  temperature  t e s t s .  Examination 
of  t h e  T-7 senso r  showed t h a t  t h e  open c i r c u i t  occurred i n s i d e  t h e  
c a s t i n g  i n  t h e  e m i t t e r  housing,  making r e p a i r s  i m ~ o s s i b l e .  T h e  
open -c i r cu i t  appeared t o  r e s u l t  from an i n a d v e r t a n t  h e a t e r  current 
surge  which took p l a c e  whi le  adjustments  w e r e  being made on the  
s i g n a l  cond i t i on ing  breadboard.  
The s i g n a l  cond i t i on inq  breadboard was then  connected t o  t e s t  
t r ansduce r  T-6 and t h e  e m i t t e r  t e m ~ e r a t u r e  t e s t s  r epea t ed .  The 
h e a t e r  c o n t r o l  loop achieved s a t i s f a c t o r y  e m i t t e r  temperature  
c o n t r o l  ( a t  2100°F wi th in  10°F) over an ambient temperature  range 
of  1 0 0 0  t o  1800°F. A t  t h a t  p o i n t ,  it was decided t o  suspend testing 
because t h e  emiss ion l e v e l s  of t h e  T-6 s enso r  had decreased from 
about 30 ma t o  l e s s  t han  15 ma. 
The fol lowinq conc lus ions  were drawn from t h e  t e s t  r e s u l t s .  
1. T-7 ( C - 1 2 9 Y )  e x h i b i t e d  much l e s s  ze ro  s h i f t  wi th  temp- 
e r a t u r e  than T-6 (FS-85) dur ing  both t e s t  s e r i e s  ( s e e  
Tables  1 4  and 1 5 ) .  From t h e  r e s u l t s , o f  t h e  i n i t i a l  de- 
f l e c t i o n  t e s t s  ( s e e  Sec t ion  4 . 1 1 ,  t h e  W-25 Re m a t e r i a l  
chosen f o r  t h e  f i n a l  p r e s s u r e  capsu le  des ign  w i l l  improve 
upon t h e  performance o f  t h e  C-129Y t e s t  u n i t  T-7. 
2, H y s t e r e s i s  e f f e c t s  .in t h e  pressure-ou tpu t  d a t a  f o r  both  
T-6 and T-7 were n o t i c e a b l e  on lv  a t  temperatures  above 1 4 0 0 ° F  
and, i n  some i n s t a n c e s ,  1600°F. 
3 ,  The secondary r e f e r e n c e  c o l l e c t o r  was e l imina t ed  from t h e  
t ransducer  and rep laced  by t h e  W-5Re/W-26Re thermocouple 
a s  a  monitor o f  space-charge l i m i t e d  ope ra t ion .  
4 .  The hours of s u c c e s s f u l  o p e r a t i o n  accumulated by T-6 and 
T-7 i n d i c a t e d  t h a t  t h e  f a b r i c a t i o n  changes used on t h e s e  
u n i t s  had solved t h e  problems encountered i n  t e s t  u n i t s  
T-4 and T-5. 
5, Work was concluded on t h e  s e r i e s  of  exper imental  t e s t  de- 
v i c e s .  Tes t inq  s h i f t e d  t o  performance e v a l u a t i o n  of more 
complete t r ansduce r  assemblies  ( s e e  F igures  4 and 5 ) .  
1 1 . 2  F i n a l  Transducer  T e s t i n q  
A s  p a r t  o f  t h e  f i n a l  t r a n s d u c e r  t e s t  program, f o u r  a b s o l u t e  
t r a n s d u c e r s  (A-1  th rough  A-4)  and two d i f f e r e n t i a l  t r a ~ n s d u c e r s  
( D - 1  and D-2) were b u i l t .  I n  e a c h  c a s e ,  t h e  t r a n s d u c e r  inc luded  
t h e  Nb-1Zr main h o u s i n g ,  t h e  W-25Re p r e s s u r e  c a p s u l e ,  t h e  ther- 
mionic  d i o d e  s e n s o r  a n d , f o r  t h e  d i f f e r e n t i a l  t r a n s d u c e r ,  t h e  dif- 
f e r e n t i a l  beam assembly.  The t e s t i n g  was performed i n  t h e  Vacuum 
T e s t  F a c i l i t y  (see S e c t i o n  1 0 . 0 )  and was done i n  two n h a s e s ;  t h e  
f i r s t  phase  i n v o l v i n q  t r a n s d u c e r s  A-1 ,  A-2, D - 1  and D - 2 ,  and  t h e  
second phase  i n v o l v i n q  t r a n s d u c e r s  A-3 and A-4.  
During t h e  f i r s t  phase  o f  t e s t i n g ,  mechanica l  and e l e c t r i c a l  
problems i n  b o t h  t h e  t r a n s d u c e r s  and t h e  T e s t  F a c i l i t y  l i m i t e d  
o p e r a t i o n  of  t h e  d i f f e r e n t i a l  t r a n s d u c e r s  t o  t h e  e x t e n t  t h a t  Lonq- 
t e r m  o p e r a t i n g  d a t a  c o u l d  n o t  be o b t a i n e d .  However, o p e r a t i o n  of t h e  
d i f f e r e n t i a l  beam assembly a t  1800°F was demons t ra ted .  
E x t e n s i v e  t e s t i n g  o f  A-1  and A-2 b rough t  t o  l i q h t  a f u r t h e r  
problem a r e a  c e n t e r e d  on t h e  impregnated emitters and i n v o l v i n g  t h r e e  
f a c e t s ;  i n i t i a l  q u a l i t y  c o n t r o l  and impregna t ion  of  t h e  e m i t t e r s ,  
b r a z i n q  o f  t h e  emitters i n t o  t h e  emitter hous ing ,  and g r i n d i n g  o r  
machining o f  t h e  emitters. B r i e f l y ,  t h e  o ~ e r a t i n q  h i s t o r i e s  OF 
A-1 and A-2 were a s  f o l l o w s :  
Absolute  Transducer  1: A t o t a l  o f ' 5 2 0 0  hours  o f  o n e r a t i o n  
w e r e  accumulated on A-1.  The f i r s t  2000 w e r e  concerned mainly  
w i t h  p r e s s u r e  c y c l i n g  t es t s  a t  t e m p e r a t u r e s  o f  1000 t o  1800°F- 
The last 3000 hours  were devo ted  t o  c r e e p  t e s t s  and g e n e r a l  l i f e  
tests on t h e  e m i t t e r  c h a r a c t e r i s t i c s .  A d e c r e a s e  i n  emiss ion  was 
n o t i c e d  i n  t h e  r e f e r e n c e  e m i t t e r  a f t e r  abou t  2000 hours  o f  opera -  
tion.. The emiss ion  was r e s t o r e d  somewhat by P a i s i n g  t h e  d i o d e  
voltage b u t  t h e n  f e l l  back t o  low v a l u e s .  F u l l - s c a l e  t e s t i n g  was 
suspended a f t e r  abou t  4,000 hours  and c o n t i n u e d  spot -checks  on t h e  
active err l i t te r  i n d i c a t e d  t h a t  i t s  e m i s s i o n  l e v e l  d i d  n o t  change 
s i g n i f i c a n t l y  o v e r  t h e  5200 hours  o f  o p e r a t i o n .  The r e f e r e n c e  
e m i t t e r  had been ground when t h e  s e n s o r  was assembled,  t o  e s t a b l i s h  
the proper  d i s t a n c e  between it and t h e  r e f e r e n c e  c o l l e c t o r  s u r -  
f a c e  on t h e  Lucalox base .  The a c t i v e  e m i t t e r  had n o t  been machined. 
Absolute  Transducer  2 :  A t o t a l  o f  1 1 0 0  hours  o f  o p e r a t i o n  
a t  1800°F were accumulated on A-2. A f t e r  abou t  400 hours  of  opera-  
t i o n ,  some d e c r e a s e  i n  emiss ion  was n o t i c e d ,  p a r t i c u l a r l y  i n  t h e  
a c t i v e  e m i t t e r .  During t h e  t e s t i n g ,  t h e  d e c r e a s e  i n  emiss ion  became 
worse and was accompanied by o n s e t  o f  e m i s s i o n  l i m i t  c o n d i t i o n s  
a t  abou t  9 v o l t s .  The d e c r e a s e  i n  emiss ion  of  t h e  r e f e r e n c e  e m i t t e r  
was not pronounced; however, emiss ion  l i m i t  c o n d i t i o n s  were observed 
a t  abou t  1 0 - 1 1  v o l t s .  A s  w i t h  A - 1 ,  t h e  r e f e r e n c e  e m i t t e r  had been 
ground;  the a c t i v e  e m i t t e r  was n o t .  
The behav io r  of  A - 1  and A-2 focused  a t t e n t i o n  upon t h e  i m -  
p regna ted  e m i t t e r s .  The s u c c e s s f u l  o p e r a t i o n  o f  t h e  a c t i v e  e m i t t e r  
of  A - 1  and t h e  r e f e r e n c e  e m i t t e r  of  A-2 s u p ~ o r t e d  t h e  c h o i c e  o f  t h e  
impregnated e m i t t e r  f o r  t h e  t r a n s d u c e r .  However, t h e  e m i s s i o n  
problems encoun te red  i n  t h e  o v e r a l l  t e s t i n g  i n d i c a t e d  t h a t  t h e  em- 
i t t e r  c h a r a c t e r i s t i c s  had t o  be more p r e c i s e l y  d e f i n e d  and a  more 
rigid quality control procedure had to he instituted to assure these 
characteristics. The emitter tests described below r e s u l t e d  Pr tkAc 
quality control and fabrication procedures spelled out in F e @ t l c l >  
5.1. 
In discussions with Philips Metalonics, the grindinq of ehe 
surface of the reference emitter was brought out. Philips has 
evidence that grinding is very injurious to the emitter sgrfaee, 
500X photomicrographs were taken of the surface of an impregnated 
emitter. A uniform pore distribution was shown with a maximum 
distance between pores of about 10 microns. Since the migration of 
barium at llOOOeis about 100 microns, the emitter is more than 
capable of providing a uniform work-function surface f o r  tbe 
transducer ap~lication. The emitter was then ground and a second 
photomicrograph taken. The grinding operation smeared the surface 
to the extent that practicallv none of the pores were left open. 
Etching restored the pore structure somewhat but it wa.s n o t  n e a r l y  
as uniform or close-spaced as the original surface of the emitter, 
It was recommended that no grindinq at all be done on the emitters, 
Normally, a liqht polishinq of the emitter surface is performed 
to remove the natural matte finish. This operation shouLd also 
be eliminated. 
In addition to grinding an? machinqing, the brazing 
emitters into the emitter housing was also discussed. The braze 
is a verv critical operation and a minimum of hraze allov s h o u l d  
be used to prevent braze coverage or contamination of the emitter 
surface and the resultinq degradation of emission capability. 
To e v a l u a t e  t h e  g r i n d i n g  and b r a z i n g  problems,  m e t a l l o g r a p h i c  
examina t ions  were performed on t h e  f o l l o w i n q  e m i t t e r s .  
T-2 e m i t t e r s  ( a c t i v e  and r e f e r e n c e )  
T-6 e m i t t e r s  ( a c t i v e  and r e f e r e n c e )  
A-1 e m i t t e r s  ( a c t i v e  and r e f e r e n c e )  
8-2 e m i t t e r s  ( a c t i v e  and r e f e r e n c e )  
5 unused e m i t t e r s  from s t o c k  ( S e r .  Nos. 2 ,  6 ,  7 ,  8 ,  9 )  
2 unused e m i t t e r s  from r e c e n t  o r d e r  ( S e r .  Nos. 5 ,  20) 
A11 t h e  r e s u l t s  o f  t h e  pho tomicrograph ic  e v a l u a t i o n  w i l l  
not be p r e s e n t e d  h e r e .  T y p i c a l  photomicrographs  showing t h e  normal 
open pore s t r u c t u r e  and t h e  p o s s i b l e  e f f e c t s  o f  g r i n d i n g  and b raz -  
i n g  a r e  p r e s e n t e d  i n  F i g u r e  102. 
I n  g e n e r a l ,  t h e  photomicrographs  showed t h e  d e l e t e r i o u s  e f -  
f e c t s  of t h e  g r i n d i n g  and b r a z i n g  o p e r a t i o n s  performed i n  assembly 
of t h e  t h e r m i o n i c  s e n s o r .  The v a l u e  o f  e l i m i n a t i n g  t h e  f i n a l  p o l i s h -  
ing o p e r a t i o n  was a l s o  demonst ra ted .  
All f o u r  e m i t t e r s  o f  T-2 and T-6 showed v a r y i n g  d e q r e e s  o f  
braze alley coverage  o f  t h e  emitter  s u r f a c e s .  P r e s e n c e  o f  t h e  b r a z e  
alloy r e s u l t e d  i n  poor  p o r e  s t r u c t u r e  and v i r t u a l  e l i m i n a t i o n  
o f  t h e  a f f e c t e d  a r e a s  a s  e m i t t i n q  s u r f a c e s .  
I n s p e c t i o n  o f  t h e  p h o t o m i c r o g r a ~ h s  o f  t h e  r e f e r e n c e  e m i t t e r s  
of T-2 and T-6 showed r e l a t i v e l y  l a r g e  a r e a s  05 s m a l l  g r a i n  s t r u c -  
ture, ~ r o h a b l y  caused  by t h e  g r i n d i n g  o p e r a t i o n .  The q r i n d i n q  appar-  
ently smeared t h e  s u r f a c e  and t h e  smeared p l a t e l e t s  t h e n  r e c r y s t a l -  
l i z e d  during o p e r a t i o n  o f  2100°F i n t o  t h e  s m a l l  q r a i n  s t r u c t u r e  
shown in t h e  pho tos .  Th i s  r e s u l t e d  i n  a  v e r v  poor  p o r e  s t r u c t u r e  
wsth almost a l l  t h e  p o r e s  c l o s e d .  
The c e n t r a l  p o r t i o n  o f  t h e  a c t i v e  e m i t t e r  o f  A-1 (about 7 0 %  
o f  t h e  e m i t t e r  s u r f a c e )  showed a  normal uniform o ~ e n - p o r e  strce- 
t u r e ,  and accounted  f o r  t h e  s u c c e s s f u l  5200 hour  o p e r a t i o n  of t b ? s  
e m i t t e r .  The o u t e r  edge oF t h e  e m i t t e r  showed a  s m a l l  grain 
s t r u c t u r e  t h a t  a p p a r e n t l v  was caused bv a  q r i n d i n g  o ~ e r a t z o n ,  
T h i s  s t r u c t u r e  had been observed b e f o r e  i n  t h e  r e f e r e n c e  emitters 
o f  T-2 and T-6. 
The e n t i r e  s u r f a c e  o f  t h e  reTerence  e m i t t e r  o f  A-l showed 
t h e  s m a l l  g r a i n  s t r u c t u r e  d e s c r i b e d  above,  and i s  indicative of 
t h e  q r i n d i n g  o p e r a t i o n  performed on t h e  r e f e r e n c e  e m i t t e r s .  
The a c t i v e  e m i t t e r  o f  A-2 was e s s e n t i a l l y  t h e  s a m e  a s  the active 
e m i t t e r  o f  a b s o l u t e  t r a n s d u c e r  1 e x c e p t  t h e  c e n t r a l  po r t ion  w a s  
abou t  50% o f  t h e  emitter  s u r f a c e  and t h e  p o r e s  a ~ p e a r e d  p a r t i a l L y  
c l o s e d ,  p r o b a b l y  due t o  p o l i s h i n g .  
The r e f e r e n c e  e m i t t e r  o f  A-2 showed a  s u r f a c e  t h a t  appeared 
t o  have been contaminated  w i t h  b r a z e  a l l o y  p r i o r  t o  g r i n d i n g .  
The q r i n d i n g  removed t h e  d i f f u s e d  zones t o  v a r i o u s  d e p t h s  and  
made f o c u s i n s  o f  t h e  500X photomicrographs  a lmos t  i m p o s s i b l e .  
The r e s u l t  was a  poor  p o r e  s t r u c t u r e  and v i r t u a l  e l i m i n a t i o n  
o f  t h e  m a j o r i t y  of  t h e  s u r f a c e  a r e a  a s  e m i t t i n q  s u r f a c e .  
Photomicrographs of  t h e  o l d  unused e m i t t e r s  (Nos. 2 ,  6, 7 ,  8, 
9 )  showed some o f  t h e  p o s s i b l e  r e s u l t s  o f  t h e  f i n a l  ~ o l i s h i n g  of  t h e  
e m i t t e r  s u r f a c e .  The e m i t t e r s  a l l  had l a t h e  t u r n e d  surfaces w h i c h  
r e s u l t e d  i n  p r o j e c t i n g  t o o l  marks and a  d i s r u p t i o n  of t h e  uniform 
p o r e  s t r u c t u r e .  I n  a d d i t i o n ,  f i n a l  l a p p i n g  o r  ~ o l i s h i n g  w a s  shown 
t o  cause  a  c e r t a i n  amount o f  smearing of t u n q s t e n  o v e r  t h e  surface. 
In the majority of cases, these operations did not destroy the 
value of the emitter. However, for emitter No. 7, a larqe percent- 
age of the surface area was smeared with tungsten and the polishing 
had pulled out particles of metal at a number of locations. The 
value of this particular emitter is quite questionable. It was 
for this reason that Philips dropped the above procedures when 
preparing the new lot of emitters from which emitters 5 and 20 
were taken. 
Photomicrographs of the more recent unused emitters (Nos. 
5, 20) showed the value of dronping the final machining operations. 
Both emitters displayed good open pore structures with little 
or no smeared tungsten on the emitter surface. There were some 
scratches on the emitters, apparently a result of rubbing the 
emitters on alumina paper to remove the excess aluminates after 
impregnation. The scratches did not affect the pore structure to 
the extent that the efficiency of the emitter would be degraded 
and the scratches could be eliminated by specifying that all excess 
impregnant be removed by ultrasonic water bath only. 
In one of the early diode sensor tests, no current could be 
drawn froxi the emitter during activation. A possible explanation for 
this was %.hat the emitter was not impregnated. To establish the 
extent of impregnation, a series of etch tests were performed. 
For this test, the emitter is measured and weighed, after which the 
tungsten matrix is etched out, leaving the impregnant as a free- 
standins mass. The amount of impregnant is a general indication of 
the optimum lifetime of the emitter. The etchant used is a 5 0 / 5 0  
x r ix tu re  OF HF and HNO3 diluted with water to prevent too violent 
an etching action. 
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The f i r s t  e t c h  t e s t s  were performed on f o u r  e m i t t e r s  t a k e n  
from s t o c k .  The e m i t t e r s  were chosen f o r  having maximum and minimum 
c a l c u l a t e d  weight/volume r a t i o s .  The two maximum r a t i o  emitters 
showed v e r y  l i t t l e ,  i f  any,  i m ~ r e g n a n t  a f t e r  e t c h i n g  (0-7 and 1 - 5  
m i l l i g r a m s  compared t o  4 . 3  and 6 . 4  m i l l i g r a m s  for t h e  t w o  m i n i m u m  
r a t i o  emi t te rs ) .  C a l c u l a t e d  v a l u e s  f o r  t h e  p a r t i a l  d e n s i t i e s  of  
t h e  e m i t t e r s  w e r e  86% f o r  t h e  low impregnant  emitters and about  79% 
f o r  t h e  normal ly  impregnated  emitters .  The d e s i g n  f i g u r e  ( P h i l i p s  
M e t a l o n i c s )  i s  79-82%. 
F u r t h e r  e t c h  t e s t s  were performed on t h e  emitters f r o m  a b s o l u t e  
t r a n s d u c e r s  A - l  and A-2 and two emitters ( S e r .  Nos. 5 and 20) 
from a  more r e c e n t  shipment .  Tab le  16  p r e s e n t s  t h e  r e s u l t s  of t h e s e  
e t c h  t e s t s  i n  terns o f  emitter  weight  b e f o r e  and a f t e r  e t c h i n g ,  
The r e s u l t s  t ended  t o  c l a r i f y  t h e  l i f e  t e s t s  q u i t e  well, The 
f o l l o w i n q  c o n c l u s i o n s  w e r e  drawn. 
1. The d e c r e a s e  i n  emiss ion  n o t i c e d  i n  Abs. 1, r e f e r e n c e ,  may 
be t r a c e d  t o  t h e  r e l a t i v e l y  s m a l l  amount o f  impregnant  i n  t h e  
emitter.  
2. The r a p i d  d e g r a d a t i o n  n o t i c e d  i n  Abs. 2 ,  a c t i v e ,  may be 
t r a c e d  t o  t h e  f a c t  t h a t  no n o t i c e a b l e  amount of impregnaRt 
was found i n  t h e  e m i t t e r .  
3 .  The s l i g h t  d e c r e a s e  i n  emiss ion  i n  A b s .  2 ,  r e f e r e n c e ,  may be 
t r a c e d  t o  t h e  incomple te  impregna t ion  of  t h e  e m i t t e r  (3-9 rnqrn). 
4 .  The r e s u l t s  show c l e a r l y  t h a t  impregna t ion  i s  a s  i rnportane 
t o  s a t i s f a c t o r y  emitter o p e r a t i o n  a s  b r a z i n q  and grinding 
have been shown t o  be .  A l l  t h r e e  r e q u i r e m e n t s  must be met. 
E m i t t e r  
TABLE 16 
EMITTER ETCH TEST RESULTS 
Before  E t c h  
Weight (gm) 
Abs- 1, a c t i v e  0.1067 ( a )  
Abs, 1, r e f e r e n c e  0.1263 
A b s *  2 ,  a c t i v e  0.1296 
Abs- 2 ,  r e f e r e n c e  0.1335 
No, 5 new 0.1310 
No, 2 0  new 0.1305 
A f t e r  E tch  
Weight (gm) 
(a) During removal of  t h e  e m i t t e r ,  a  p o r t i o n  o f  t h e  e m i t t e r  
was l o s t .  T h e r e f o r e  0.1067 gm. does  n o t  r e p r e s e n t  t h e  
e n t i r e  we igh t  b e f o r e  e t c h i n q .  
bb) Dur-inq e t c h i n g  and h a n d l i n ~ ,  a  l a r g e  amount o f  t h e  impreg- 
n a n t  was l o s t .  W e  e s t i m a t e  t h a t  a t  l e a s t  h a l f  of  t h e  i m -  
p r e g n a n t  was l o s t .  T h i s  r e s u l t  i s  n o t  c r i t i c a l ,  s i n c e  
o p e r a t i o n  o f  Abs. 1 f o r  o v e r  5 ,000 h o u r s  i n d i c a t e d  t h e  
p r e s e n c e  o f  a  good amount o f  i m ~ r e g n a n t .  
( c )  A f t e r  e t c h i n q ,  t h e  t o p  of t h e  impreqnant  p e l l e t  was found 
t o  ble l o o s e .  Remo~~ing t h e  t o p  showed t h a t  t h e  c e n t e r  of 
t h e  p e l l e t  was hol low,  accoun t inq  f o r  t h e  r e l a t i v e l v  s m a l l  
weiqht  of  impreqnant  (0.0025 gm). 
(d) A f t e r  e t c h i n q ,  no t r a c e  o f  any imnreqnant  was found. 
jej A f t e r  e t c h i n g ,  t h e  imnregnant  n e l l e t  was broken.  A homogen- 
eous p e l l e t  was found,  i n  c o n t r a s t  w i t h  t h e  r e s u l t  on Abs. 1, 
r e f e r e n c e ,  ( c )  above. The impregnant  p e l l e t s  o f  Nos. 5 and 
20 were t h e  same s i z e  a s  t h e  e m i t t e r  p e l l e t  b e f o r e  e t c h i n g ,  
i n d i c a t i n q  complete impreana t ion .  
There appeared to be no doubt that brazinq the emitters i n t o  
the emitter housing was the most reliable mounting technique, The 
one problem area in the brazinq operation is contamination of the 
emitter surface by braze alloy. With reference to Figure 188, the 
original braze configuration permitted contamination in three ways; 
1. Braze permeation throuqh the emitter, 
2. Braze wetting action up the side and across the emitter face, 
and 
3. Evaporation of braze components and condensation on the 
emitter face. 
Braze permeation throuqh the emitter was eliminated by quality 
controls which assure fully impregnated emitters. Braze wetting 
action and evaporation-condensation effects were eliminated by a 
change in emitter confiquration, shown in Figure 188. Both braze 
wetting and braze evaporants were directed away from the emitter 
face. Using this revised emitter (see Figure 101) and braze configura- 
tion, thermionic sensors were fabricated for the final test trans- 
ducers, A-3 and A-4. These transducers also used new h k - L ~ r  main 
housings and W-25Re pressure capsules. 
Prior to actual operation of A-3 and A-4, a Transducer Test 
Program was develo~ed to establish guidelines for the evaluation 
testing. The complete '~est Program is presented in Appendix C. 
The basic test conditions to be included were the followina. 
2,000 hour life at 1600°F basic operatins temperature. 
2 ,  "Temperature excursions between 1000 and 1600°F. 
3 ,  Spot checks at 1800°F. 
11,2,L Absolute Transducer 3 
Prior to final assembly, Absolute Transducer 3 (A-3), without 
its thermionic diode sensor, was installed in the Vacuum Test Facility 
for stress relief exercising. The W-25Re pressure capsule was cycled 
between 0-80 psia at 1800°F for 2000 cycles at a 20 cycle/hour rate. 
Following the cycling, the transducer was removed from the test 
chamber and checked. It was found to be leak-tiqht and room-tempera- 
twre pressure-deflection data agreed with data taken before cycling 
(80 p s i a  resulted in a deflection of about 0.003 inch). 
Following pre-activation of the emitters, the thermionic 
diode sensor was assembled and installed in the pressure capsule with 
a room-temperature active emitter-collector distance of 0.006 inch. 
The complete transducer A-3 was then installed in the Vacuum Test 
Facility and a 15 minute activation at 2280°F was performed on the 
emitters, Durins activation, 10 volts was amlied to the diode and 
the a c t i v e  and reference collector currents at the end of the activa- 
tion period were 41.9 and 43.5 milliamperes respectively. The 
exitter temperature was then lowered to its 2100°F operating value; 
16 volts was maintained on the diode and space-charge data were taken 
to de te rmine  when the active and reference currents stabilized. 
The space charge data indicated that the reference current was 
stabilized immediately after activation (about 40 ma. at 10 volts). 
The a c t i v e  c u r r e n t  was obse rved  t o  r i s e  from abou t  38 m a  t o  
abou t  4 4  ma ( a t  10  v o l t s )  w i t h i n  25 hours  f o l l o w i n a  activation. 
Checks on t h e  r e f e r e n c e  c u r r e n t  showed an emiss ion  l i m i t  condition 
a t  abou t  16  v o l t s .  No emiss ion  l i m i t  c o n d i t i o n  was obse rved  i n  t h e  
a c t i v e  c u r r e n t  f o r  v o l t a g e s  up t o  abou t  18  v o l t s  and t r a n s d u c e r  
p r e s s u r e s  up t o  80 p s i a .  A t  80 p s i a ,  a c t i v e  space  c h a r g e  c u r r e n t s  
up t o  200 ma w e r e  drawn w i t h  no emiss ion  l i m i t i n g  e f f e c t s ,  The 
expec ted  " t e n  v o l t  e f f e c t "  was observed i n  bo th  t h e  a c t i v e  and 
r e f e r e n c e  c u r r e n t s .  T h i s  e f f e c t  i s  a n  a p p a r e n t  s l i g h t  decrease 
i n  emiss ion  c a p a b i l i t y  due t o  d i s s o c i a t i o n  e f f e c t s  on the c o l l e c t o r  
s u r f a c e .  On t h e  s p a c e  c h a r q e  p l o t s ,  t h e  e f f e c t  shows u-9 as  a s l i g h t  
d i p  which c o r r e c t s  i t s e l f  a s  t h e  v o l t a g e  i s  i n c r e a s e d  t o  about  1 2  
v o l t s .  F i g u r e  1 8 9  i s  a  set o f  t y p i c a l  s p a c e  charge  d a t a  t a k e n  on 
t h e  X-Y r e c o r d e r .  The t h e o r e t i c a l  c u r v e s  cor respond ing  t o  s p a c i n g s  
o f  .003-.006" a r e  shown d o t t e d .  The r e f e r e n c e  c u r r e n t  (I,) and 
a c t i v e  c u r r e n t  (1,) d a t a  a r e  shown s o l i d .  For  low v o l t a g e s ,  the 
e x p e r i m e n t a l  c u r r e n t s  do n o t  a g r e e  w i t h  t h e  v a l u e s  p r e d i c t e d  by 
C h i l d s '  Law because  o f  e m i s s i o n  e f f e c t s .  The emiss ion  limit on I, 
and t h e  t e n  v o l t  d i p  a r e  e v i d e n t .  
The d a t a  i n d i c a t e d  t h a t  t o  a v o i d  b o t h  emiss ion  l i m i t  e f f e c t s  
and t h e  t e n  v o l t  r e g i o n ,  t h e  o p e r a t i n g  v o l t a g e  on t h e  diode would have 
t o  be  less t h a n  1 0  v o l t s .  For  t e s t i n g  o f  A-3, t h e  c o n t r o l  parameter  
( c o n s t a n t  sum-of-the-cu'rrents Ia and 1,) was s e t  a t  60 m a ,  c o r r e s p o n d -  
i n g  t o  a d i o d e  v o l t a g e  o f  a b o u t  8 v o l t s  a t  z e r o  p r e s s u r e .  
During t h e  f i r s t  350 hours  of o p e r a t i o n ,  t h e  chamber tempera- 
t u r e  was 180O0F. A t  t h a t  p o i n t  it was dec ided  t o  lower  t h e  bas ic  
t e s t  t e m p e r a t u r e  t o  1600°F ( s e e  Appendix C ) .  
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The first 440 hours of operation were spent on monitoring the 
space charge characteristics and checking the operation of the 
signal conditioning system with the transducer. By the end of 
this period, the signal conditioner had been checked out for trans- 
ducer operation between 1000 and 1800°F. The conditioner success- 
fully maintained (1) the emitter temperature at 2100°F over the 
ambient temperature ranqe and (2) the 60 ma sum-of-the-currents over 
the 0-80 psia pressure ranqe and the ambient temperature range. 
Testing of A-3 was continued until an open-circuit failure of the 
emitter heater ended the test. In all, 1718 hours of operation were 
accumulated, the last 1275 of which were part of the main test program. 
A chronological breakdown of the testing is presented in Table 17. 
The test history of A-3 is contained in Fiqures 190 through 199. 
A t  t h e  start of testing, the constant sum-of-the-currents con- 
trol parameter was set at I, + 1, = 60 milliamperes, correspond- 
ing to a diode voltage of about 8 volts at zero-pressure. The 
signal conditioner was originally set up at 1600°F with a zero- 
pressure output of about +0.1 volt and full-scale output of 
about 5,15 volts. Pressure-output data was evaluated against a 
+5 - percent envelope around a 0-5 volts full-scale linear response. 
Figures 190 and 191 present variations, with test time, in the 
z e r o - p r e s s u r e  values of the active and reference collector currents 
(I, and I,) and the siqnal conditioner output. There appeared 
to be three regions of stability, separated bv the temperature 
excursion tests. The most profiouneed shift occurred around 1190 
clock hours, with the zero-pressure output shifting from about 
- 0 3  volt to about -1.5 volt. This shift is also evident in the 
Clock 
Hours ( A )  
TABLE 1 7  
TEST CHRONOLOGV, ABSOLUTE TRANSDUCER 3 
T e s t  ( B )  
1600°F o p e r a t i o n  
Temperature e x c u r s i o n  
1600°F o p e r a t i o n  
1800°F Spot  Check 
1600°F o p e r a t i o n  
1800°F Spot  Check 
1600°F o p e r a t i o n  
T e m ~ e r a t u r e  e x c u r s i o n  
1600°F o p e r a t i o n  
1600°F o p e r a t i o n  
Temperature e x c u r s i o n  
1600°F o p e r a t i o n  
Temperature e x c u r s i o n  
1600°F o ~ e r a t i o n  
H e a t e r  f a i l u r e  
t e s t  ( C )  
t e s t  ( C )  
t e s t  ( C )  
t e s t  ( C )  
( A )  R e f e r s  t o  an  e l e c t r i c  t i m e r  runn ing  s i n c e  a c t i v a t i o n  of t h e  
s e n s o r  o f  Abso lu te  Transducer  3. 
( B )  During t e s t i n s ,  t r a n s d u c e r  w a s  c o n t i n u o u s l y  c y c l e d  between 
0-80 p s i a  once  e v e r y  t h r e e  minu tes .  
( C )  T e s t s  run  a t  1600,  1400,  1200,  1000,  1200, 1400,  1600°", 
data of F i g u r e  190.  Both c u r r e n t s  changed a t  t h a t  t i m e ,  I, i n -  
creasing and I, d e c r e a s i n q .  The l a r g e  n e g a t i v e  z e r o - s h i f t  was 
due t o  t h e  d e c r e a s e  i n  t h e  (Ia - I r )  paramete r  which e s t a b l i s h e d  
t h e  s i g n a l  c o n d i t i o n e r  o u t p u t .  
F igure  192 p r e s e n t s  t h e  d a t a  up t o  t h e  f i r s t  1800°F s p o t  check 
at 564 c l o c k  hours .  These d a t a  i n c l u d e  t h e  f i r s t  t e m p e r a t u r e  excur-  
s i o n  test (1600-1000-1600°F) s t a r t e d  a t  467  c l o c k  hours .  The Dres- 
s u r e - o u t p u t  c u r v e s  reproduced q u i t e  w e l l  and f e l l  w e l l  w i t h i n  t h e  
+5% envelope .  For  t h e  t e m p e r a t u r e  e x c u r s i o n  t e s t ,  t h e  1600°F 
- 
output d a t a  appeared  t o  be a  l i t t l e  h i g h e r  ( a b o u t  0 . 1  v o l t )  t h a n  
t h e  d a t a  f o r  t h e  lower  t e m p e r a t u r e s .  
F i g u r e s  193 and 194 p r e s e n t  t h e  r e s u l t s  o f  t h e  two 1800°F 
spot checks and t h e  f o l l o w i n g  1600°F t ime  p e r i o d s .  A s  shown i n  
Figure 1 9 3 ,  1800°F o p e r a t i o n  r e s u l t e d  i n  a l a r g e  p o s i t i v e  z e r o - s h i f t  
( abou t  1 v o l t )  accompanied by an  a p p a r e n t  d rop  i n  g a i n ,  r e s u l t i n g  
i n  t h e  8 0  p s i a  p o i n t  approaching t h e  - +5% enve lope .  A n a l y s i s  of 
t h e  space-charge  d a t a  showed t h e  reason  f o r  t h i s  behav io r .  No 
essential change was n o t i c e d  i n  I,. However, t h e  z e r o - p r e s s u r e  d a t a  
indicated an i n c r e a s e  i n  a c t i v e  c o l l e c t o r  c u r r e n t ,  r e s u l t i n q  i n  
t h e  obse rved  l a r g e  p o s i t i v e  z e r o - s h i f t .  However, t h e  80 p s i a  d a t a  
indicated a  s m a l l e r  i n c r e a s e  i n  a c t i v e  c o l l e c t o r  c u r r e n t ,  r e s u l t -  
ing i n  t h e  observed s m a l l e r  s h i f t  i n  f u l l - p r e s s u r e  o u t p u t .  To 
conclude t h a t  t h e  f u l l - s c a l e  p r e s s u r e  c a p s u l e  d e f l e c t i o n  i s  l e s s  
a t  1800cF t h a n  a t  1600°F i s  n o t  r e a l i s t i c  and it appeared  t h a t  a n  
effect n o t  shown i n  t h e  snace-charqe  d a t a  was r e s p o n s i b l e .  To 
avcid any p o s s i b l e  damage t o  t h e  s e n s o r  and a s s u r e  t h e  maximum 
amount of  v a l i d  i n f o r m a t i o n  on t r a n s d u c e r  o p e r a t i o n ,  it was dec ided  
t o  fo rgo  any f u t u r e  1800°F o p e r a t i o n .  
134 
Again w i t h  r e f e r e n c e  t o  F i a u r e  193,  1600°F d a t a  t a k e n  i m e d i a t e l y  
a f t e r  (2 -3  h o u r s )  1800°F o p e r a t i o n  y i e l d e d  anomalous results. 
The c u r v e s  appeared  t o  t a k e  a  s m a l l  n e g a t i v e  z e r o - s h i f t  b ~ t  ex-  
h i b i t e d  i n c r e a s e d  g a i n  a t  f u l l - s c a l e  c o n d i t i o n s .  A f t e r  several 
h o u r s ,  however,  t h e  p r e s s u r e - o u t p u t  c u r v e s  r e t u r n e d  t o  t h e  conditions 
o f  F i g u r e  192. The p e r i o d s  o f  t i m e  a f t e r  t h e  1800°F spot  checks 
y i e l d e d  d a t a  o u t l i n e d  i n  F i g u r e  194.  The enve lope  broadened somewhat 
w i t h  d a t a  between t h e  two 1800°F s p o t  checks  (566-665 clock h o u r s )  
c o n c e n t r a t e d  i n  t h e  upper  p o r t i o n  o f  t h e  enve lope  and da ta  t a k e n  
between t h e  second 1800°F s p o t  check and t h e  second t e m p e r a t u r e  
e x c u r s i o n  t e s t  (668-948 c l o c k  h o u r s )  c o n c e n t r a t e d  i n  t h e  Lower 
p o r t i o n  o f  t h e  enve lope .  
With t h e  second t e m p e r a t u r e  e x c u r s i o n  t e s t  (948-983 c lock h o u r s ) ,  
c o n s i d e r a b l e  s h i f t i n q  o f  t h e  p r e s s u r e - o u t p u t  c u r v e s  took  place 
(see F i g u r e  1 9 5 ) .  G e n e r a l l y ,  t h e  o n l v  n o t i c e a b l e  e f f e c t  i n  t h e  space- 
c h a r g e  d a t a  was a n  i n c r e a s e  i n  b o t h  a c t i v e  and r e f e r e n c e  eoELectcr 
c u r r e n t s  a s  t h e  t e m p e r a t u r e  d e c r e a s e d  from 1600 t o  100O0F, A l -  
though t h e  s i g n a l - c o n d i t i o n e r  system main ta ined  t h e  sum.-of-the- 
c u r r e n t s  c o n s t a n t ,  t h e  n o n - l i n e a r i t y  of t h e  space-charye  curves 
i n t r o d u c e d  t h e  wandering o f  t h e  p r e s s u r e - o u t p u t  c u r v e s  o f  Figure 195, 
Following t h e  second t e m p e r a t u r e  e x c u r s i o n ,  t h e  t r a n s d u c e r  was 
observed t o  have t a k e n  a  d e f i n i t e  n e g a t i v e  z e r o - s h i f t  of about 
0.4-0.5 v o l t .  The enve lope  i s  shown i n  F i g u r e  196. Again usinq 
space-charge  d a t a  t o  i n v e s t i g a t e  t h i s  s h i f t ,  it was found t h a t  w h i l e  
a small i n c r e a s e  had t a k e n  p l a c e  i n  I,, t h e  v a l u e s  f o r  Ia had 
dropped t o  a g r e a t e r  e x k e n t ,  a c c o u n t i n g  f o r  a d e c r e a s e  i n  Ia - I, 
and t h e  r e s i ~ l t a n t  n e g a t i v e  z e r o - s h i f t .  Comparing F i q u r e  196 t o  F igure  
1 9 2 ,  l i t t l e  d i f f e r e n c e  i s  seen  i n  t h e  enve lope  of t h e  c u r v e s .  Con- 
sistent o p e r a t i o n  was o b t a i n e d  i n  bo th  c a s e s  w i t h  t h e  n e q a t i v e  
zero-shift of F i g u r e  196 an  a p p a r e n t l y  permanent  e f f e c t .  
One of t h e  obv ious  a s p e c t s  o f  t h e  d a t a  was t h a t  changes i n  
c u r r e n t s  and z e r o - s h i f t s  seemed t o  o c c u r  a f t e r  changes i n  t h e  sys tem 
(1800QF o p e r a t i o n ,  t e m p e r a t u r e  e x c u r s i o n s ) .  I n  a d d i t i o n ,  space-  
cha rge  d a t a  d i d  n o t  prove  c o n c l u s i v e .  Both e m i t t e r s  showed no 
s i g n s  of emiss ion  l i m i t  e f f e c t s  and appeared  t o  be  o p e r a t i n g  
p r o p e r l y -  
i3.f about  1190 c l o c k  hours the most pronounced zero s h i f t  occurred, 
w i t h  t h e  z e r o - p r e s s u r e  o u t p u t  changinq from a b o u t  -0.5 v o l t  t o  abou t  
-1*5 v o l t s ,  The chanqe i n  t h e  p r e s s u r e - o u t p u t  cu rve  i s  shuwn i n  
F i g u r e s  196 and 197.  A f t e r  1200 h o u r s ,  t h e  1600°F c h a r a c t e r i s t i c  
appeared  t o  s t a b i l i z e  q u i t e  w e l l  ( F i g u r e  197)  up t o  t h e  end of tes t -  
ing a t  1 7 1 8  hours .  
Space-charge d a t a  t a k e n  around t h e  t i m e  o f  t h e  s h i f t  a t  1200 
hours showed a  marked d e c r e a s e  i n  a c t i v e  c o l l e c t o r  c u r r e n t  and 
a l e s s  pronounced change i n  r e f e r e n c e  c o l l e c t o r  c u r r e n t .  Both 
e m i t t e r s  appeared  t o  be o p e r a t i n a  p r o p e r l y  and showed no s i g n s  of  
emiss ion  l i m i t  e f f e c t s .  
The r e s u l t s  o f  t h e  f i n a l  two t e m p e r a t u r e  e x c u r s i o n  t e s t s  a r e  
shown i n  F i q u r e s  198 and 199 and a r e  i n  b a s i c  agreement  w i t h  
p o s i t i v e  z e r o - s h i f t s  r e s u l t i n s  from d e c r e a s e d  t e m p e r a t u r e .  Space- 
charge d a t a  showed i n c r e a s e s  i n  b o t h  a c t i v e  and r e f e r e n c e  c o l l e c t o r  
c u r r e n t s  a s  t h e  t e m p e r a t u r e  d e c r e a s e d .  The p o s i t i v e  z e r o - s h i f t  was 
caused by t h e  predominant  i n c r e a s e  i n  a c t i v e  c o l l e c t o r  c u r r e n t  1,. 
It became apparent that spacinq chanqes inferred - F r o m  the 
space-charge data were not realistic and could not reasonakly ex- 
plain the anomalous shift at 1200 hours or the zero-shFFt/tempera- 
ture effects. 
A more likely explanation for the temnerature effects may ~e 
found from consideration of the collector surfaces. C'l-lanqes in 
work-function of these surfaces may result from temperature e x c c i -  
sions and current levels. These work-function chanses, in turn, 
cause shifts in the current-voltage characteristics and the sign21 
conditioner output. 
11.2.2 Absolute Transducer 4 
Prior to final assembly, Absolute Transducer 4 ( A - 4 1 ,  without 
its thermionic diode sensor, was installed in the Vacum Test 
Facility for stress relief exercising. The W-25Re pressure can- 
sule was cycled between 0-80 psia at 1800°F for 120 hours using 
two modes; manual cycling (once an hour) during the working day 
and automatic cvclinq (20 times an hour) overnight. Manual cycl- 
ing consumed 33 hours (33 cycles) while automatic cycling was per- 
formed for 87 hours (1740) for a total of 1773 pressure cycles, 
Following the cycling, the transducer was removed from the chamber 
and checked. It was found to be leak-tight and room-temperature 
pressure-deflection data agreed with data taken before cycling 
(80 psia resulted in a-deflection of about 0.003 inch). 
Following  re-activation of the emitters, the thermionic 
diode sensor was assembled and installed in the pressure capsule 
with a room-temperature active emitter-collector distance of 0,0C6 
inch. The complete transducer A-4 was then installed in Vacuum 
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T e s t  F a c i l i t y  and a  1 5  minute  a c t i v a t i o n  a t  2280°F was performed 
on t h e  e m i t t e r s .  During a c t i v a t i o n ,  1 0  v o l t s  was a p p l i e d  t o  t h e  
diode and t h e  a c t i v e  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s  a t  t h e  end 
of t h e  a c t i v a t i o n  p e r i o d  were 37.8 and 18.5  m i l l i a m p e r e s  r e s p e c t -  
i v e l y ,  The e m i t t e r  t e m p e r a t u r e  was t h e n  lowered t o  i t s  2100°F 
o p e r a t i n g  v a l u e ;  L O  v o l t s  was m a i n t a i n e d  on t h e  d i o d e  and space-  
cha rge  d a t a  were t a k e n  t o  d e t e r m i n e  t h e  a c t i v e  and r e f e r e n c e  
current c h a r a c t e r i s t i c s .  Fol lowing a  weekend o f  o p e r a t i o n ,  t h e  
a c t i v e  and r e f e r e n c e  c u r r e n t s  appeared  t o  have s t a b i l i z e d  a t  
values of abou t  37 and 19 m i l l i a m p e r e s  r e s p e c t i v e l y  ( a t  10 v o l t s ) .  
Space c h a r g e  d a t a  on b o t h  c u r r e n t s  showed no emiss ion  l i m i t  
c o n d i t i o n s ;  t h e  expec ted  " t e n  v o l t  e f f e c t "  was obse rved  i n  b o t h  
c u r r e n t s .  A c t i v e  c u r r e n t  d a t a  was run  up t o  a b o u t  21 v o l t s  and 
100 m i l l i a m p e r e s  a t  z e r o - p r e s s u r e  and 1 7 . 5  v o l t s  and 137 m i l l i a m p e r e s  
a t  80  p s i a .  The z e r o - p r e s s u r e  a c t i v e  c o l l e c t o r  d i s t a n c e  appeared  
t o  he  about  0.006 i n c h .  Reference  c u r r e n t  d a t a  was r u n  up t o  a b o u t  
33 v o l t s  and 100 milliamperes. Space charge curves i n d i c a t e d  a  reference 
c o l l e c t o r  d i s t a n c e  o f  0.0085 i n c h ,  a c c o u n t i n g  f o r  t h e  r e l a -  
tively l o w  v a l u e  o f  r e f e r e n c e  c u r r e n t  i n  t h e  absence  of e m i s s i o n  
L i m i t  c o n d i t i o n s .  Reviewing t h e  f a b r i c a t i o n  o f  t h e  s e n s o r  and t h e  
p r o c e d u r e s  used f o r  i n s t a l l a t i o n  i n  t h e  t r a n s d u c e r  f a i l e d  t o  t u r n  
up any reason  f o r  t h e  l a r q e  r e f e r e n c e  c o l l e c t o r  d i s t a n c e .  I t  ap- 
pea red  t h a t  t h e  a u e s t i o n  cou ld  be r e s o l v e d  o n l y  by removal o f  t h e  
t r a n s d u c e r  from t h e  tes t  chamber and i n s p e c t i o n  o f  t h e  s e n s o r .  
However, t h i s  c o u r s e  o f  a c t i o n  would r u n  t h e  r i s k  o f  damaginq t h e  
s enso r  by exposure  t o  a i r .  I n s t e a d ,  it was d e c i d e d  t o  c o n t i n u e  t h e  
t e s t i n g  and have t h e  s i g n a l  c o n d i t i o n e r  system o f f s e t  t h e  l a r g e  
d i f f e r e n c e  between I, and 1, and e s t a b l i s h  a  ze ro -ou tpu t  for zero- 
p r e s s u r e  th rough  t h e  u s e  o f  t h e  z e r o  c o n t r o l .  
I n i t i a l  d a t a  on A-4 w e r e  c o l l e c t e d  w i t h  l a b o r a t o r v  beater and 
space-charge  c i r c u i t r y .  A f t e r  abou t  1 2 0  hours  of  o p e r a t i a n ,  r.1-e 
s i g n a l  c o n d i t i o n e r  was i n s t a l l e d  and abou t  1 0 0  hours  were spent 
checking o p e r a t i o n  w i t h  t h e  t r a n s d u c e r .  Because o f  t h e  L o w  v a i ~ e  
o f  r e f e r e n c e  c u r r e n t  and t h e  n e c e s s i t y  o f  o p e r a t i n g  the d i o d e  a t  
less t h a n  1 0  v o l t s ,  t h e  c o n t r o l  pa ramete r  ( c o n s t a n t  sikun-of-the- 
c u r r e n t s )  was se t  a t  I, + 1, = 50 m i l l i a m p e r e s ,  co r respond ing  t o  
a  d iode  v o l t a g e  o f  abou t  9 v o l t s  a t  z e r o  p r e s s u r e .  
F i g u r e s  200 and 201 p r e s e n t  t v p i c a l  p r e s s u r e - o u t p u t  a ~ d  space- 
charge  c h a r a c t e r i s t i c s  t a k e n  a t  t h e  end o f  t h i s  220 hour  period* 
The s i g n a l  c o n d i t i o n e r  was a d j u s t e d  a s  b e s t  a s  poss ibLe For zero, 
g a i n  and l i n e a r i t y  c o n d i t i o n s .  F i g u r e  201 c o n t a i n s  t h e o r e t i c a l  
space-charge  c u r v e s  cor respond ing  t o  v a r i o u s  e m i t t e r - c o l l e c t o r  
d i s t a n c e s .  A t  low o p e r a t i n g  v o l t a g e s ,  c o r r e l a t i o n s  with C h i l d s '  
Law were n o t  o b t a i n e d  due t o  emiss ion  e f f e c t s .  C o r r e l a t i o n  w a s  
o b t a i n e d  a t  h i g h e r  v o l t a g e s  (above 15  v o l t s ) .  
T ransducer  A-4 was o p e r a t e d  f o r  a  t o t a l  o f  2240 frours, t h e  
l a s t  2020 o f  which c o n s t i t u t e d  t h e  main t e s t  program. Durinq the 
t e s t i n g ,  t h e  t r a n s d u c e r  was c o n t i n u o u s l y  c y c l e d  between 0-80 p s i a  
once  e v e r y  t h r e e  m i n u t e s ,  r e s u l t i n g  i n  abou t  40,000 p r e s s u r e  c y c l e s  
a t  1600°F w i t h o u t  mechanica l  f a i l u r e .  A c h r o n o l o q i c a l  breakdown 
o f  t h e  t e s t i n s  i s  p r e s e n t e d  i n  Table  16. The t e s t  h i s t o r y  of  A-4 
i s  c o n t a i n e d  i n  F i g u r e s Z o 2 t h r o u g h  Z I 2 .  
TABLE 18 
TEST CHRONOLOGV , ABSOLUTE TRANSDUCER 4 
C l o c k  
H m r s  (A) Test [ B )  Figure 
1600°F operation 202, 205, 208 
Temperature excursion test (C) 202, 205, 209 
1600'~ operation . 202, 205, 208 
Temperature excursion test (C) 202, 205, 210 
1600°F operation 202, 205, 208 
1600°F operation 203, 206, 211 
1600°F operation 204, 207, 212 
1600°F operation (end of 2000 hour test) 204, 207, 212 
(2%) Refers to an electric timer running since activation of 
the sensor of Absolute Transducer 3. 
(B) During testinq, transducer was continuously pressure cycled 
(0-80 psia) once every three minutes. 
{ s j j  Tests run at 1600, 1400, 1200, 1000, 1200, 1400, 1600°F. 
Because ( 7 E  ~ 1 9  low v a l u e  of  r e f e r e n c e  c u r r e n t  and t h e  necessity 
of  o n e r a t i n g  t h e  d i o d e  a t  less t h a n  1 0  v o l t s ,  t h e  constant-sum- 
o f - t h e - c u r r e n t s  c o n t r o l  pa ramete r  was se t  a t  I, + Ir == 50  r n 1 l l . i -  
amperes,  co r respond ing  t o  a  d iode  v o l t a g e  of abou t  9 v o l t s  a t  
z e r o  p r e s s u r e .  A t  t h e  s t a r t  o f  t e s t i n q ,  t h e  s i g n a l  c o n d i t i o n e r  
was a d j u s t e d  a s  b e s t  a s  p o s s i b l e  f o r  z e r o ,  g a i n  and l i n e a r i t v  
a t  1600°F and a  f u l l - s c a l e  o u t p u t  o f  5  v o l t s .  P r e s s u r e - a u t ~ u t  
d a t a  was e v a l u a t e d  a g a i n s t  a  +5 p e r c e n t  envelope  around a 0-5 
- 
v o l t s  f u l l - s c a l e  l i n e a r  r e s p o n s e .  
F i g u r e s  202, 203 and 204 p r e s e n t  v a r i a t i o n s ,  w i t h  t e s t  ~ i r n e ,  
i n  t h e  z e r o - p r e s s u r e  v a l u e s  of t h e  a c t i v e  and r e f e r e n c e  coLIL nceor 
c u r r e n t s .  The s i g n a l  c o n d i t i o n e r  z e r o - ~ r e s s u r e  o u t p u t  i s  shown 
i n  F i q u r e s  205, 206 and 207. 
The t r a n s d u c e r  d i s p l a y e d  good s t a b i l i t v  o v e r  t h e  2 0 0 0  nour 
p e r i o d  a t  1600°F. F i g u r e s  202, 203 and 204 show t h e  a c t i v e  and 
r e f e r e n c e  c o l l e c t o r  c u r r e n t s .  Aside from a s l i g h t  i n c r e a s e  in I- 
-a 
f o l l o w i n g  t h e  second t e m p e r a t u r e  e x c u r s i o n  t es t  (1618 .- 1 6 G 7  h o u r s ) ,  
b o t h  c u r r e n t s  were q u i t e  s t a b l e .  T h i s  i s  a l s o  r e f l e c t e d  i n  "igures 
205, 206 and 207, which show t h e  o u t p u t  z e r o - s h i f t .  The i n c r e a s e  
i n  I, a f t e r  t h e  second t e m p e r a t u r e  t e s t  r e s u l t e d  i n  t h e  zero-shift 
going p o s i t i v e  and remaining t h e r e  f o r  t h e  rest o f  t h e  t e s t  pe r -  
i o d ,  i n s i d e  a  + 5 p e r c e n t  enve lope .  
- 
Space-charge d a t a  t a k e n  th rough  t h e  2000 hour t es t  p e r i o d  showed 
no a b n o r m a l i t i e s  i n  e i t h e r  t h e  a c t i v e  o r  r e f e r e n c e  c u r r e n t t t r c e s ,  
I t  was e v i d e n t  t h a t  t h e  work done on deve lop inq  p r o p e r  f a b r i c a t i o n  
and q u a l i t y  c o n t r o l  p r o c e d u r e s  f o r  t h e  e m i t t e r s  and t h e  t h e r r n i o n i c  
s e n s o r  was s u c c e s s f u l  and r e s u l t e d  i n  a  s e n s o r  e x h i b i t i n g  good 
r e l i a b i l i t y  and l i f e ,  
F u r t h e r   roof o f  t r a n s d u c e r  s t a b i l i t v  was shown i n  t h e  p r e s -  
sure-output enve lopes  o f  F i g u r e s  208, 211 and 212. The e a r l i e s t  
t e s t  results o f  F i g u r e  208 showed an enve lope  t h a t  ag reed  q u i t e  w e l l  
with t h e  -I- 5 p e r c e n t  e n v e l o p e ,  shown d o t t e d  i n  t h e  f i g u r e .  The 
envelope was broadened somewhat due t o  t h e  p o s i t i v e  z e r o - s h i f t  f o l -  
lowing t h e  second t e m p e r a t u r e  t e s t .  Data t a k e n  b e f o r e  t h e  second 
temperature t e s t  a r e  c o n c e n t r a t e d  i n  t h e  lower  p o r t i m o f  t h e  en- 
velope of F i g u r e  208 w h i l e  d a t a  t a k e n  a f t e r w a r d  a r e  c o n c e n t r a t e d  
i n  t h e  upper   ort ti on. 
The p r e s s u r e - o u t p u t  enve lopes  o f  F i ~ u r e s  211 and 212 agreed  
q u i t e  well w i t h  t h e  upper  p o r t i o n  o f  t h e  enve lope  of  F i g u r e  208, 
indicatins s t a b l e  t r a n s d u c e r  o p e r a t i o n  o v e r  t h e  2000 hour  p e r i o d  
a t  16080F",  
The r e s u l t s  o f  t h e  two t e m p e r a t u r e  e x c u r s i o n  t e s t s  ( F i g u r e s  
209 and 210) w e r e  i n  b a s i c  agreement  w i t h  t h e  t e m p e r a t u r e  tes ts  
of A-3- P o s i t i v e  z e r o - s h i f t s  r e s u l t e d  from d e c r e a s e d  t e m p e r a t u r e s .  
For A - 4 ,  the magnitudes were q r e a . t e r  t h a n  e x h i b i t e d  by A - 3 ,  b u t  
t h i s  wa . s  n r o b a b l v  due t o  t h e  l a r g e  unbalance  between t h e  a c t i v e  and 
reference c u r r e n t s .  Space c h a r q e  d a t a  showed t h e  z e r o - s h i f t s  t o  be  
d ~ e  almost e n t i r e l y  t o  i n c r e a s e s  i n  a c t i v e  c o l l e c t o r  c u r r e n t  . 
r e f e r e n c e  c o l l e c t o r  c u r r e n t  remained f a i r l y  c o n s t a n t .  During 
the second t e m ~ e r a t u r e  e x c u r s i o n  t e s t ,  t h e  i n c r e a s i n q  t e m ~ e r a t u r e  
portion (1200-1400-1600°F) showed z e r o - s h i f t s  h i g h e r  t h a n  e x p e c t e d ,  
with t h e  1 2 0 0 ° F  z e r o  p o i n t  b e i n s  more p o s i t i v e  t h a n  t h e  1000°F 
p o i n t ,  A t  1400°F, t h e  f i r s t  run  showed a  s h i f t  i n  t h e  p r e s s u r e -  
output curve d u r i n g  t h e  t e s t .  A second 1400°F run  was performed 
which i s  i n c l u d e d  i n  F i g u r e  2 1 0 .  No a n ~ a r e n t  r eason  w a s  found For 
t h i s  b e h a v i o r  and a t  1600°F,  t h e  z e r o - p o i n t  aq reed  r e a s o n z b l v  w i t h  
t h e  v a l u e  b e f o r e  t h e  t e m ~ e r a t u r e  t e s t .  A t  1 7 0 0  h o u r s ,  a 2400°F Lzst 
was run a s  a  check and a  more r e a l i s t i c  z e r o - s h i f t  was o b t a r n e d .  
Changes i n  t r a n s d u c e r  p r e s s u r e - o u t p u t  pa ramete r s  b o t h  d u r r n ~  and 
a f t e r  t e m p e r a t u r e  e x c u r s i o n s  w e r e  encoun te red  w i t h  both A-3  an2 
A-4.  Spacing changes i n f e r r e d  from space-charqe d a t a  were not r e a l -  
i s t i c  and cou ld  n o t  r e a s o n a b l v  e x p l a i n  t h e  t e m ~ e r a t u r e  e f f e c t s ,  
The b a s i c  c o n c l u s i o n  was t h a t  non- repea tab le  t e m p e r a t u r e  effects 
w e r e  due t o  changes  i n  c o l l e c t o r  s u r f a c e  c o n d i t i o n s .  I t  a ~ ~ e a r e d  
t h a t  t r a n s d u c e r  o p e r a t i o n  must be e s t a b l i s h e d  i n  a  regime where 
(1) t h e  c o l l e c t o r  work f u n c t i o n  i s  c o n s t a n t  o r  ( 2 )  changes  in t h e  
c o l l e c t o r  work-funct ion  a r e  r e p e a t a b l e  and may be compensated, 
I n  t h e  absence  o f  t h e  t e m ~ e r a t u r e  e x c u r s i o n  t e s t s ,  t h e  pressure- 
o u t p u t  d a t a  c o u l d  have remained w i t h i n  a +5 p e r c e n t  o f  5 VFS envelope 
- 
f o r  t h e  e n t i r e  2000 hour  p e r i o d .  I f  t h e  t e m p e r a t u r e  e F f e c t s  were 
minimized,  it appeared  t h a t  a  v i a b l e  t r a n s d u c e r  d e s i q n  w a s  demon- 
s t r a t e d .  
SUMMARY OF RESULTS 
The program leading to the development of a high-tempera- 
ture liquid-metal pressure transducer was conducted along several 
lines of activitv. Prior to a test proqram involvinq the final 
transducer design configuration, considerable effort was concentrated 
in the areas of material selection, fabrication procedures, liquid- 
metal compatibility and development of the test facilities necessary 
to conduet  these studies. 
The basic transducer design called for the use of a refractory- 
alloy pressure ca~sule to transform the liquid metal pressure into 
a neehanical displacement. This displacement is then monitored 
by a thermiorlic diode sensor whose output indicates the pressure. 
Construction of test pressure capsules using four candidate 
alloys I@-129Y, FS-85, T-222 and W-25 Re) allowed for the develop- 
ment of suitable fabrication techniques for the capsule and the evalua- 
tion of the capsule operational characteristics. 
The inherent difficulties involved in normal machining of the 
refractory alloys and the known karmful effects of oxygen in refrac- 
tory metals ex~osed to liquid alkali metals require that fabrication 
of the pressure ca~sules use electrical discharge machining and 
electron beam welding. 
Extended! testing o-F the four candidate materials, using the 
pressure capsule configuration, was performed in a high-vacuum en- 
vironment ( torr) with high-purity arqon used for pressuriza- 
tion, The testing yielded the following results. 
1. Hvsteresis effects at temperatures up to 1800°F were negligible 
for full scale deflections up to abnut 0.001 inch. 
2. The increase in full scale deflection wit11 tem~eraturt? qenerally 
foll~wed the predicted change based on literature values of Ycung's 
modulus. 
3. Zero shift data generally showed that the W-25Re capsule was the 
most stable. 
4. There is a definite need for extended pressure cycling t n  ob- 
tain stable pressure-deflection characteristics. 
Based on the results of these initial deflection tests, W-25Re 
was chosen as the alloy for the pressure capsule. 
Work on the metal-ceramic seal configurations necessary to provide 
electrical connections into the transducer concentrated on the de- 
velopment of joints capable of maintaining integrity under L800°F 
conditions and liquid metal attack. The final configuration involved 
the use of a high-purity alumina (Lucalox) material in c:onjunct ian 
with Nb-1Zr alloy metal structures. The Lucalox was metallrzed 
with a tungsten/yttria compound and the braze material was a 
Ni/Nb/Ti mixture. 
Compatibility testing performed on capsules of the four refrae- 
torv alloys and a representative metal-ceramic seal configuration demon- 
strated the ability of the test samples to maintain their i c t e g r i - k y  
under liauid metal attack. The testinq was conducted for 500 hours 
and used liauid potassium at a tem~erature of 1800°F (correspond- 
ing to a vapor nressure of  about 80 psia). 
T o  e s t a b l i s h  a  r e l i a b l e  o p e r a t i n g  l i f e  o f  o v e r  2000 h o u r s ,  
t h e  c r i t i c a l  d e s i g n  a r e a s  of t h e  t h e r m i o n i c  d i o d e  s e n s o r  w e r e  t h e  
e l e c t r i c a l  h e a t e r  c o n f i g u r a t i o n  used t o  h o l d  t h e  e m i t t e r  t e m p e r a t u r e  
a t  2100°F and  t h e  e m i t t e r s  themse lves .  The hea . te r  assemblv ,  i n c o r p o r -  
a t i n g  both e m i t t e r s ,  was des igned  t o  w i t h s t a n d  shock and v i b r a t i o n  
l o a d i n g  and p r o v i d e  improved h e a t  t r a n s f e r  between t h e  e l e c t r i c  
h e a t e r  and t h e  e m i t t e r s .  
The f a b r i c a t i o n  t e c h n i q u e  invo lved  c a s t i n g  o f  t h e  h e a t e r  i n t o  a 
c a v i t y  of t h e  e m i t t e r  hous ing.  An a l u m i n a / b e r y l l i a  m i x t u r e  was 
used, r e s u l t i n q  i n  a  homoqeneous c a s t  s t r u c t u r e .  A W-3Re h e a t e r  
w i t h  spot welded rhenium l e a d s  gave  t h e  f l e x i b i l i t y  r e a u i r e d  t o  
assemble t h e  s e n s o r .  
The most c r i t i c a l  p a r t  o f  t h e  t h e r m i o n i c  d i o d e  s e n s o r  i s  t h e  
e m l t t e r .  P h i l i p s  Type R impregnated  emitters  were chosen f o r  t h i s  
application s i n c e  t h e y  a r e  c a p a b l e  o f  s u f f i c i e n t  e m i s s i o n  c a p a c i t y  
a t  t h e  r e l a t i v e l v  low t e m p e r a t u r e  used (2100°F) .  E x t e n s i v e  t e s t i n g  
and e v a l u a t i o n  r e v e a l e d  t h e  n e c e s s i t y  f o r  s t r i n g e n t  q u a l i t y  c o n t r o l  
r equ i rements .  To o b t a i n  o p e r a t i n g  l i f e t i m e s  o f  o v e r  2000 hours  
f o r  t h e  e m i t t e r s ,  t h e  f o l l o w i n g  r e q u i r e m e n t s  must be  met .  
1, The e m i t t e r  must b e  checked by weiqhinq b e f o r e  and a f t e r  i m -  
p r e g n a t i o n  t o  v e r i f y  t h a t  it i s  f u l l y  impregnated .  
2, N o  machining o f  any k ind  shou ld  be  done t o  t h e  e m i t t i n g  s u r -  
f a c e ,  A l l  e x c e s s  impreqnant  shou ld  be removed bv u l t r a s o n i c  
wa te r  b a t h  o n l y .  
3. Braz ing  o f  t h e  e m i t t e r s  i n t o  t h e  e m i t t e r  hous inq shou ld  nor d i s t u r b  
t h e  uni form,  open p o r e  s t r u c t u r e  o f  t h e  e m i t t e r .  To check t h i s ,  
m i c r o s c o p i c  examina t ions  ( a t  l e a s t  500x1 shou ld  be made of t h e  
e m i t t e r  s u r f a c e  b o t h  b e f o r e  and a f t e r  b r a z i n g .  
The f i n a l  s t a g e s  of  t h e  Drogram invo lved  t h e  d e s i q n  znd con-- 
s t r u c t i o n  o f  an e l e c t r i c a l  s i q n a l  c o n d i t i o n i n g  sys tem t o  autornnt laalLy 
c o n t r o l  t h e  o p e r a t i o n  o f  t h e  t r a n s d u c e r .  A sys tem was developed 
and o p e r a t e d  w i t h  f i n a l  t r a n s d u c e r  t e s t  u n i t s  o v e r  a period of 
2000 hours .  
The s i g n a l  c o n d i t i o n e r  ma in ta ined  emitter t e m p e r a t u r e  a t  2 1 0 0  
+ 5 O F  o v e r  a l l  c o n d i t i o n s  o f  t i m e  and chamber t e m p e r a t u r e  and 
- 
c o n t r o l l e d  t h e  o p e r a t i o n  o f  t h e  t h e r m i o n i c  d i o d e  s u f f i c i e n t l y  t o  
m a i n t a i n  t h e  sum o f  t h e  a c t i v e  and r e f e r e n c e  c u r r e n t s  within 
+ 0.5% of  f u l l  s c a l e .  The c o n d i t i o n e r  o u t p u t  was a d j u s t a b l e .  and s e t  
- 
a t  5 v o l t s  d c  f o r  f u l l  s c a l e .  
During t h e  2000 hour t e s t  program, some t e m ~ e r a t u r e  e f f e c t s  
w e r e  n o t i c e d  i n  t h e  p r e s s u r e - o u t p u t  pa ramete r s  o f  t h e  test erans-  
d u c e r s .  However, it appeared  t h a t  t h e s e  e f f e c t s  cou ld  be due t o  
s u r f a c e  c o n d i t i o n s  o f  t h e  c o l l e c t o r  e l e c t r o d e s  of  t h e  s e n s o r  and a s  
s u c h ,  appeared  amenable t o  compensat ion.  
The b a s i c  d e s i g n  and f a b r i c a t i o n  o f  t h e  t r a n s d u c e r  (both 
p r e s s u r e  c a ~ s u l e  and t h e r m i o n i c  d i o d e  s e n s o r )  were shown ts be 
r e l i a b l e  and c a p a b l e  of c o n s i s t e n t  o p e r a t i o n  o v e r  a  p e r i o d  exceed- 
i n g  2000 hours .  
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A P P E N D I X  A 
VARIABLE IMPEDANCE SENSOR 
The v a r i a b l e  impedance concep t  f o r  d e t e c t i n g  p r e s s u r e  e lement  
motion i s  based on t h e  use  o f  two a i r - c o r e  pancake-co i l  i n d u c t o r s  
whose impedance i s  v a r i e d  by t h  motion o f  a  c o n d u c t i v e  s u r f a c e  
(diaphragm). The diaphragm i s  i n i t i a l l y  mid-way between t h e  two 
inductors. Under p r e s s u r e ,  t h e  diaphragm approaches  one o f  t h e  c o i l s  
and moves f u r t h e r  away from t h e  o t h e r .  The i n d u c t a n c e s  d e c r e a s e  and 
increase, r e s p e c t i v e l y ,  from t h e i r  z e r o - p r e s s u r e  v a l u e s .  I n  add i -  
t i o n  t o  coil i n d u c t a n c e  L ,  t h e r e  a l s o  e x i s t s  a  c a p a c i t a n c e  C between 
the c o i l  and t h e  p r e s s u r e  a c t u a t e d  diaphragm. These p a r a m e t e r s  
a re  i n t r o d u c e d  i n t o  a  ba lanced  a c  impedance b r i d g e  whose o u t p u t  
becomes p ressure -dependen t .  O f  p r imary  impro tance  i s  t h e  p a r a m e t r i c  
d e t e r m i n a t i o n  o f  c o i l  i n d u c t a n c e  a s  a  f u n c t i o n  o f  diaphragm p o s i t i o n .  
A - l  Pancake C o i l  Induc tance  
An e x a c t  a n a l y t i c a l  e v a l u a t i o n  o f  t h e  pancake c o i l  i n d u c t a n c e  
i s  not r e a d i l y  accomplished.  However, image t h e o r y  o f f e r s  a  v a l i d ,  
r e a s o n a b l y  a c c u r a t e  model from which t h e  i n d u c t a n c e  can  be  d e t e r -  
mined,  
Usinq image t h e o r y ,  t h e  f i e l d  e x i s t i n q  between a  c u r r e n t  e lement  
and a condue t inq  m a t e r i a l  i s  developed by p o s t u l a t i n g  t h e  e x i s t e n c e  
of  a second c u r r e n t  e lement  o f  e q u a l  s t r e n g t h  and o p p o s i t e  d i r e c t i o n  
(image e l e m e n t ) .  With in  t h e  m a t e r i a l ,  t h e  f i e l d s  due t o  t h e  two 
e lements  have opposing normal components and t h e  l o c a t i o n  o f  t h e  
image i s  determined by t h e  p l a n e  a long  which t h e s e  normal components 
t e n d  t o  c a n c e l  o u t .  I f  t h e  diaphragm were a  p e r f e c t  condcc tor ,  i t s  
i n t e r i o r  would be f i e l d - f r e e  and image t h e o r v  would a l l o w  f o r  a n  
e x a c t  s o l u t i o n .  The i n d u c t i o n  f i e l d  of  t h e  c o i l  would be zero a t  
t h e  diaphragm s u r f a c e  and a  100% s t r e n g t h  imaqe c o i l  would have a 
p o s i t i o n  e q u a l  t o  t h e  coi l -d iaphraqm d i s t a n c e .  
The f a c t  t h a t  an a c t u a l  diaphragm h a s  a  f i n i t e  c o n d u c t l v i e y  
a l l o w s  t h e  f i e l d  t o  p e n e t r a t e  i n t o  t h e  diaphragm. T h i s  p e n e t r a t r o n  
may be t r e a t e d  a s  a  m o d i f i c a t i o n  t o  t h e  i n f i n i t e  c o n d u c t i v i t y  sir~ation 
i n  one o f  two ways. 
1. The f i e l d  a t t e n u a t i o n  o c c u r r i n q  w i t h i n  t h e  diaphragm may 
be c o n s i d e r e d  t o  i n v o l v e  an " e f f e c t i v e  s k i n  d e p t h "  r e l a r l v e  
t o  an i n d u c t i o n  f i e l d  w i t h  normal H components. I n  thrs 
c o n t e x t ,  t h e  t e rm " s k i n  d e p t h "  r e f e r s  t o  a  g e n e r a l  field 
p e n e t r a t i o n  phenomena and shou ld  n o t  be confused with t h e  
common d e f i n i t i o n  i n v o l v i n g  p e n e t r a t i o n  of e l e c t r a m a g n e t x c  
waves w i t h  t a n g e t i a l  H components. Althouqh t he r e  may be 
a  r e l a t i o n s h i p  between t h e  two, t h e  d e f i n i t i o n  of t h i s  
r e l a t i o n s h i p  i s  beyond t h i s  work. 
2. The p r e s e n c e  o f  a  weakened image F i e l d  mav be postulated, 
T h i s  a l s o  a l l o w s  f o r  f i e l d  p e n e t r a t i o n  i n t o  t h e  diaphraqm, 
However, t h e r e  i s  no b a s i s  upon which an e s t i m a t e  o f  the 
imaqe e f f i c i e n c y  may be o b t a i n e d .  
F i g u r e  213 p resen t ' s  t h e  qeometrv o f  t h e  ~ r o b l e m  ( e m p l o y ~ n q  t h e  
s k i n  d e p t h  approach)  i n  c y l i n d r i c a l  c o o r d i n a t e s  where A e  d e n o t e s  
t h e  e f f e c t i v e  s k i n  d e p t h  a t  which t h e  normal F i e l d s  t e n d  t o  c a n e e l ,  
T o  deve lop  t h e  a n a l y t i c  e x p r e s s i o n  f o r  i n d u c t a n c e ,  t h e  c o i l  
and i t s  irnaqe' w i l l  be c o n s i d e r e d  t o  he c o n c e n t r i c  s e p a r a t e  l o o p s ,  
saeh c a r r y i n q  t h e  same c u r r e n t .  S i n c e  t h e  d i s t a n c e s  invo lved  a r e  
n e q l i q i b l e  compared t o  wavelength ,  t h e  c u r r e n t  i n  t h e  image c o i l  
may be t a k e n  a s  t h e  same a s  t h a t  i n  t h e  pancake c o i l .  
B a r t b e r q e r  (Refe rence  4) p r e s e n t s  t h e  f o l l o w i n a  formulae  f o r  
t h e  a x i a l  f i e l d  component of a  p l a n e  c i r c u l a r   loo^ o f  w i r e  i n  c y l i n -  
d r i v a l  c o o r d i n a t e s  z ,  p ,  0 ( r e f e r r e d  t o  t h e  p l a n e  o f  t h e  c o i l  a s  
- 
IP1 - i a e 
o (I-b c a s  0 )  3 /  t a b u l a t e d  i n  
Rart lnerger  
@2 = - I f cos e de (Refe rence  4 )  
n o ( I - b  cos 8 )  
where 
a = r a d i u s  o f  l o o p  
Yo = field a t  c e n t e r  ( z  = p = o )  of  loo^ 
i, = current i n  l o o p  
T h e r e f o r e  : 
R e f e r r i n g  t o  F i g u r e  213, t h e  t o t a l  a x i a l  f i e l d  i n  t h e  niane OF 
t h e  pancake c o i l ,  r e l a t e d  t o  t h e  n t h  t u r n ,  w i l l  c o n s i s t  of  comnon- 
e n t s  due t o  t h e   anc cake c o i l  i t s e l f  ( f o r  which z = o  i n  t h e  above 
fo rmulae )  and due t o  t h e  imaqe c o i l  ( f o r  which z = 2~~ in the above 
f o r m u l a e ) .  These components w i l l  be i n  o p p o s i t i o n  s o  that t h e  
t o t a l  f i e l d  r e l a t e d  t o  t h e  nth t u r n  w i l l  be 
where t h e  wrimes d e n o t e  pancake c o i l  i n t e g r a l s  and t h e  double  
pr imes  deno te  image c o i l  i n t e g r a l s .  The t o t a l  f i e l d  r e l a t e d  t o  t h e  
pancake c o i l  i s  
where N i s  t h e  t o t a l  number o f  t u r n s ,  
The f l u x  l i n k e d  bv t h e  m t h  t u r n  i s :  
where p o  i s  t h e  p e r m e a b i l i t y  o f  t h e  vacuum sDace and 2npdp i s  t h e  
d i f f e r e n t i a l  a r e a  i n  c y l i n d r i c a l  c o o r d i n a t e s .  The v o l t a g e  generated 
i n  t h e  mth t u r n  i s  
(A- 8 ) 
4 j(u t s i n c e  C I n  =- 4) r l > i , l >  i s  a  t ime  v a r v i n q  pa ramete r .  
The t o t a l  v o l t a g e  g e n e r a t e d  i n  t h e  pancake c o i l  i s  
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The r e a c t a n c e  of  t h e   anc cake c o i l  i s  
and the i n d u c t a n c e  i s  L = Xc/w o r  
Attempts t o  d e t e r m i n e ,  bv s l i d e  r u l e  c a l c u l a t i o n s ,  t h e  i n d u c t -  
ance of  a s i n g l e  t u r n  pancake c o i l  i n  t h e  p r e s e n c e  o f  a  conduc t ing  
diaphragm have i n d i c a t e d  t h a t  Equa t ion  A - 1 1  can  be p r a c t i c a l l y  s o l v e d  
only by computer t e c h n i q u e s .  Two a l t e r n a t i v e s  p r e s e n t e d  themse lves .  
O n e  was t o  use  t h e  computer and t h e  o t h e r  was t o  e s t a b l i s h  t h e  i n -  
ductance by exper iment .  I t  was f e l t  t h a t  t h e  e x p e r i m e n t a l  approach 
was p r e f e r a b l e .  
A, 2 ~ e n t a l  Program 
The main o b j e c t i v e  OF t h e  e x p e r i m e n t a l  proqram was t h e  d e t e r -  
x i n a t i o n  of  pancake c o i l  i n d u c t a n c e  a s  a  f u n c t i o n  o f  diaphraqm p o s i -  
tion, I n  a d d i t i o n ,  it was expec ted  t h a t  t h e  proqram would r e s u l t  
i n  data that would v e r i f y  t h e  b a s i c  premise  o f  t h e  a n a l y s i s ;  t h e  
p r e s e n c e  o f  an Emaqe c o i l  whose D o s i t i o n  i s  determined bv a skin-depth 
phenomena. The d i s c u s s i o n  t h a t  f o l l o w s  expands upon t h i s  l a s t  
s t a t e m e n t .  
Image t h e o r y  has  been ~ r o p o s e d  a s  a v a l i d  method of de te r rn inrnq  
t h e  c o i l  i n d u c t a n c e .  Of prime impor tance  i s  t h e  d i s t a n c e  Detween 
t h e  pancake c o i l  and t h e  image c o i l .  T h i s  d i s t a n c e  i s  i n  t u r n  5eter.- 
mined by a s k i n  d e p t h  phenomena e x p e r i e n c e d  i n  t h e  diapllraqm. A t  
some e f f e c t i v e  s k i n  d e p t h  (which mav be  p o s t u l a t e d  t o  be s a ~ n e  mul- 
t i p l e  o f  a u n i t  s k i n  d e p t h )  i n s i d e  t h e  diaphragm, t h e  induction field 
o f  t h e  pancake c o i l  w i l l  t e n d  t o  z e r o  and t h e  pancake and image 
c o i l s  become e q u i d i s t a n t  from t h i s  p l a n e .  T h i s  ~henomena  i s  dependent  
upon t h e  r e s i s t i v i t y  o f  t h e  diaphragm m a t e r i a l .  A s  an  example,  
c o n s i d e r  a p e r f e c t l y  conduc t ing  diaphraqm ( r e s i s t i v i t v  = 0) T i e  
f i e l d  does  n o t  e n t e r  t h e  diaphragm a t  a l l  and h a s  i t s  z3ero value 
a t  t h e  diaphragm s u r f a c e .  For  t h i s  c a s e  t h e  pancake ccti9 t o  imaqe 
c o i l  d i s t a n c e  w i l l  be  t w i c e  t h e  pancake c o i l  t o  diaphragm distance, 
I n  a d d i t i o n ,  t h e  pancake c o i l  i n d u c t a n c e  w i l l  v a r y  between a value of 
z e r o  when t h e  d i s t a n c e  i s  z e r o  and a f i n i t e  v a l u e ,  e . g .  Em, corres- 
ponding t o  comple te  absence  o f  a diaphraqm. The i n d u c t a n c e  L will 
t e n d  t o  t h i s  v a l u e  a s  t h e  s p a c i n g  i n c r e a s e s .  Although t h e  exact  
shape  o f  t h e  c u r v e  i s  u n c e r t a i n ,  F i q u r e  214 i n d i c a t e s  t h e  general t r e n d .  
The f a c t  t h a t  L = 0 a t  dc = 0 f o r  p r i  = 0 means t h a t  t h e  pancake and 
image c o i l s  a r e  s o  c l o s e  t o  e a c h  o t h e r  t h a t  t h e i r  a x i a l  f i e l d s  c a n c e l  
o u t  i n  t h e  p l a n e  o f  t h e  pancake c o i l .  
Now, an important point must be made. The pancake coil induc- 
tance is determined by the opposing interaction of two acial induc- 
tion fields; one due to the pancake coil itself and the other due 
to the image coil. The strength of the imaqe field is qoverned 
by the distance between the coils. This distance is determined by 
two parameters; the dianhragm spacing an? the effective skin depth 
as established by the diaphragm resistivitv. However, the sum of 
diaphragm spacing and effective skin depth is the important thing. 
In other words, two diaphragms of different resistivities will re- 
sult in the same pancake coil inductance if the diaphragm spacing 
is adjusted to compensate for the difference in effective skin depth. 
As resistivitv increases, skin depth increases. Referrinq to Fig- 
Qre 214, the inductance L2 for a snacing dc2 with a zero resistivity 
diaphragm would correspond to the same inductance L2 caused by a 
diaphragm with zero spacing and an effective skin depth of 1/2 
dc2 determined by a finite resistivity p r 2 .  This statement applied 
also to inductance L3 where a diaphragm with zero spacing would have 
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an effictive skin depth of 1/2 dc3 determined by resistivity br3. 
If a diaphragm of very low resistivitv (e.g. copper) is used, 
the p r l  = 5 curve will be approached. Using this curve, an effort 
may be made to determine correlations hetween effective skin depth 
and resistivity. Using the standard formula for unit skin depth 
as a function of resistivity, an effort will be made to determine 
whether the effective skin depth postulated above is a constant mul- 
tiple of the unit skin depth. 
The use  o f  L?iaphragms of  v a r i o u s  r e s i s t i v i t i e s  should  result 
i n  a  s e r i e s  of  p a r a l l e l  c u r v e s  i n t e r s e c t i n g  t h e  o r d i n a t e  a t  Larqer 
v a l u e s  o f  i n d u c t a n c e  f o r  l a r g e r  v a l u e s  of  r e s i s t i v i t i e s ,  T h i s  
p rocedure  w i l l  g i v e  an e s t i m a t e  o f  i n d u c t a n c e  chanqe wieb diaphraqm 
t e m p e r a t u r e .  A t e m p e r a t u r e  chanqe w i l l  r e s u l t  i n  a  r e s i s t i v i t y  
change a f f e c t i n q  s k i n  d e ~ t h  and i n d u c t a n c e  even a t  c o n s t a n t  spaclzq.  
A 20 t u r n  s i n q l e - l a y e r  pancake c o i l  ( I . D .  = 3/16 i n c h ,  0-D. 
= 9/16  i n c h ,  AWG 32 heavy Formvar i n s u l a t e d  magnet w i r e )  was fab- 
r i c a t e d  and e n c a n s u l a t e d  i n  t h e  s u r f a c e  O F  a  b lock of= Z u e i t e .  
Diaphraqm mock-ups o f  v a r i o u s  m a t e r i a l s  c o v e r i n g  a  r ange  09 resistiv- 
i t y  v a l u e s  and t h i c k n e s s e s  ( c o ~ p e r ,  1 . 7  X ohm-cm, 0,0k5 inch; 
c u p r o - n i c k e l ,  39 X l o e 6  ohm-cm, 0.031 i n c h ;  monel, 4 9  X los6 ohm-cm, 
0.015 i n c h ;  K-monel, 58 X ohm-cm, 0.021 i n c h )  w e r e  prepared and 
mounted on p o l y s t y r e n e  r o d s .  A tes t  f i x t u r e  was c o n s t r u c t e d  t o  allow 
mountinq o f  t h e  diaphragm samples i n  a  s u p p o r t  s l i d e  and pcsition- 
i n g  o f  t h e  samples a t  v a r i o u s  d i s t a n c e s  from t h e  c o i l  b y  means of  a 
v e r n i e r  micrometer .  F i g u r e  215 shows t h e  tes t  f i x t u r e .  
I n i t i a l  t e s t i n q  of  t h e  c o i l  on t h e  b a s i s  o f  impedance measure- 
ments proved i n c o n s i s t e n t .  T h i s  t e s t i n s  invo lved  t h e  use  of  a r a d i o  
f r e s u e n c v  s i q n a l  q e n e r a t o r  and a  c a l i b r a t e d  o s c i l l o s c o ~ e  t o  obtain 
c u r r e n t  and v o l t a g e  p a r a m e t e r s .  P a r a l l e l  resonance  phenomena i n -  
t r o d u c e d  bv t h e  impedance c h a r a c t e r i s t i c s  o f  t h e  i n s t r u a e n t s  made t h i s  
method i n c o n c l u s i v e .  The resonance  ~ r o b l e m  was e l i m i n a t e d  b y  usinq 
a  Q-meter i n s t r u m e n t  f o r  f u r t h e r  t e s t i n q .  
In addition to obtaining the inductance-distance characteris- 
tics, efforts were made to determine: 
1, System sensitivity to small chanqes in coil-diaphragm 
distance, 
2 ,  System error introduced bv coil-diaphraqm anqular mis- 
alignment, 
3 ,  System response to chanqes in diaphraqm diameter and 
4- System error introduced by coil-diaphraqm zero spacing 
error. 
Typical inductance-distance curves using diaphragms of various 
resistivities and the pancake coil described above are shown in 
F i q u r e s  216 through 218 Coil - diaphragm distances of up to 0.070 
inch are shown. For qreater distances, the curves tended to flatten 
out and approach an inductance value of 4 microhenries at 0.2 inch, 
independent of diaphraqm material. It aPDears that the skin depth 
change with resistivity, upon which the analytical model of the 
variable impedance device is based, is a minimal effect. There 
is no definite dis~lacement of the curves with increasing resis- 
tivity. To ascertain whether the results might reflect instrumenta- 
tion and set-up errors, known spacing and aliqnment errors were intro- 
duced in later tests with the followinq results. 
Pancake-coil response to chanqes of 0.001 inch ( 5  percent of 
an assumed total diaphragm travel of 0.002 inch) in coil - diaphragm 
distance was measured. Tests run at distances of 0.010, 0.030, and 
0-360 inch showed a change of less than 1 percent in the measured 
inductance, This percentage change was inde~endent of diaphragm 
material, thickness and diameter. It therefore appears that the 
system is relatively insensitive to small changes in spacing. 
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Spot  checks  made on t h e  e f f e c t  o f  c o i l  - diaphragm angular m r s -  
a l iqnment  showed i n d u c t a n c e  chanqes o f  2-3 p e r c e n t  f o r  a n  alignment 
e r r o r  o f  1 degree .  However, a 1 d e g r e e  e r r o r  i s  e a s i l y  no ted  bg" 
v i s u a l  o b s e r v a t i o n  and t h e  normal e x n e r i m e n t a l  run  i s  made w i t h  
e r r o r s  w e l l  below t h i s  1 d e g r e e  v a l u e .  I t  t h e r e f o r e  ar,pears tha tanl i s -  
a l ignment  i s  n o t  a  cause  o f  t h e  i n c o n c l u s i v e  r e s u l t s  of F i g u r e s  214 
th rough  2  18. 
T e s t s  conducted  u s i n s  1, 1-1/2 and 2 i n c h  d i a m e t e r  d i a p h r a g n s  
o f  c o p p e r ,  c u p r o n i c k e l ,  monel and K-monel f a i l e d  t o  yiebld any eon- 
s i s t e n t  i n d u c t a n c e  change w i t h  diaphraqm d i a m e t e r .  These materials 
r e p r e s e n t  a  r anqe  of  r e s i s t i v i t i e s  co r respond inq  t o  t h e  values ex- 
p e c t e d  i n  o p e r a t i n s  a  r e f r a c t o r y  a l l o y  up t o  1800°F. 
Using a  d i a l  i n d i c a t o r  t o  a s c e r t a i n  t h e  coi l -d iaphragm zero 
s p a c i n g ,  it was p o s s i b l e  t o  r e p r  oduce t h e  z e r o  s p a c i n g  results within 
5-15 p e r c e n t .  I t  s h o u l d  be remembered t h a t  a l t h o u g h  t h e  actual zero  
s p a c i n g  may be de te rmined  t o  b e t t e r  t h a n  0.001 i n c h  w i t h  t h e  dial 
i n d i c a t o r ,  t h e  Q-meter i s  o p e r a t i n g  w i t h  t h e  lowes t  p o s s i b l e  0-value 
f o r  t h e  pancake-co i l .  T h i s  makes a  r e l a t i v e l y  l a r g e  o p e r a t o r  e r ror  
q u i t e  p o s s i b l e .  I t  i s  f e l t  t h a t  t h i s  d i f f i c u l t y  i n  r e a d i n q  t h e  0- 
meter  a t  v e r y  s m a l l  c o i l  - diaphragm d i s t a n c e s  i s  t h e  mast l i k e l y  
c a u s e  o f  t h e  i n c o n c l u s i v e  r e s u l t s  concern ing  t h e  r e p r o d u c i b i l i t y  of 
t h e  i n d u c t i o n  a t  z e r o  s p a c i n g .  
A P P E N D I X  R 
THERMIONIC D I O D E  RELATIONS 
B.1 D e r i v a t i o n  o f  Express ion  f o r  Space Charqe P o t e n t i a l  Ve 
The emiss ion  l i m i t  r e l a t i o n  f o r  c r i t i c a l  t e m p e r a t u r e  Tc i s :  
A s  t h e  t e m p e r a t u r e  i n c r e a s e s  above Tc ,  t h e  space  charge  
potential V, deve lops  and t h e  c u r r e n t  becomes 
e ( $ e  + Ve) (R-2 
T = 120 ~2   ex^ KT 
Nottinqham (Ref.  5 ) s u q q e s t s  t h a t  an  e q u a t i o n  o f  t h e  f o l -  
lowing form i s  a  more u s e f u l  e m p i r i c a l  e q u a t i o n :  
I = B exp 
where (R) i s  a t h e r m i o n i c  c o n s t a n t  de te rmined  by exper iment  t o  f i t  
t h e  observed d a t a  and 4 i s  c a l l e d  t h e  "work- fac to r"  w i t h  v a l u e s  5  
t o  15 p e r c e n t  h i g h e r  t h a n  t h e  v a l u e s  o f  t h e  work f u n c t i o n  # e r  
depending on t h e  e m i t t e r  m a t e r i a l .  Usins  t h i s  f o r m u l a t i o n ,  t h e  c u r r e n t  
equations become 
IC = B' exp e $  
-
KTc 
1 = B exp - e ( $ +  V e )  (B-5 
KT 
Taking natural l o q a r i t h m s  and s u b s t r a c t i n q  Equat ion  R 4  from B 5  
y i e l d s  
and 
where AT = T  - Tc i s  t h e  i n c r e a s e  i n  t e m p e r a t u r e  above T,, Experf-  
ments have shown t h a t  I exceeds  Ic by o n l v  a  s m a l l  amount ( A 1  = 
I - I f o r  c o n s i d e r a b l e  i n c r e a s e  i n  t e m p e r a t u r e  ( i e e e  I/Ic - 
Usinq t h e  series expans ion  f o r  t h e  n a t u r a l  l o g a r i t h m .  
and n e q l e c t i n g  terms h i g h e r  t h a n  f i r s t  o r d e r  
Assuming, f o r  c a l c u l a t i o n  p u r p o s e s ,  $E;= 
B . 2  E r r o r  A n a l v s i s  - C u r r e n t  D e n s i t y  D e ~ e n d e n c e  on Temperca+k.ure 
S i n c e  e/k = 1 1 6 0 0 ,  t h e  r e l a t i o n  f o r  t h e  c u r r e n t  f r o m  Ec!uation 
4 o f  t e x t  becomes 
( B - L O )  
Taking t h e  n a r t i a l  d e r i v a t i v e  w i t h  r e s n e c t  t o  t e m p e r a t u r e  
and  s u b s t i t u t i n q  E a u a t i o n  B-10 i n t o  B - l l  
The change i n  c u r r e n t  mav be  e x p r e s s e d  a s  
TO e v a l u a t e  a ($e + Ve) , c o n s i d e r  from ~9 above  
- 
aT 
D i f f e r e n t i a l  y i e l d s  
Reference 6 shows t h a t  w i t h  c h a n g e s  i n  t e m p e r a t u r e  
1 - Ic < * l o r  I - Ic < . For  @e = 2 . 1  ev and  
Ic 11600 I, 
Experimental r e s u l t s  ( R e f e r e n c e  7 )  have  v i e l d e d  v a l u e s  f o r  
a$,/aT of  4-5 X e v / O K .  T h e r e f o r e  
- 
and 
If t h e  r i g h t  s i d e  o f  Equat ion  I317 i s  e v a l u a t e d  u s i n g  Equat ion  B9 
and ,  assuming t h e  f o l l o w i n g  p a r a m e t e r s ,  
6e = 2 . 1  e v  and A 1  = . l ,  it i s  found t h a t  
-
= c  
) - 11600@e 
Tc T 
Equat ion  B17 t h e n  becomes 
T h i s  i n d i c a t e s  t h a t  t h e  p e r c e n t a q e  change i n  c u r r e n t  i s  abou t  twice 
t h e  p e r c e n t a g e  chanqe i n  t e m ~ e r a t u r e .  
B . 3  E r r o r  A n a l y s i s  - C u r r e n t  Dens i ty  Dependence on Emitter Work 
Func t ion .  
The sDace c h a r g e  c u r r e n t  r e l a t i o n  based on e m i t t e r  parameters 
i s  
2 I = AT exp -e(@, + Ve) (B-20) 
KT 
Using Equat ion  5 of t e x t  and t h e  p o t e n t i a l  ene rgy  diaqram of 
F i g u r e  1, curve  C 
Then, s u b s t i t u t i n g  B21 i n  B20 
I =  AT^ exp - e (vc + p5c - V) 
KT 
and 
Thus,  t h e  c u r r e n t  i s  n o t  a f f e c t e d  by change i n  e m i t t e r  work  function, 
B - 4  E r r o r  A n a l y s i s  - C u r r e n t  Dens i ty  Dependence on Mechanical  
Distance 
The space  charge  l i m i t e d  c u r r e n t  g i v e n  bv t h e  Langmuir-Child 
e q u a t i o n  ( E a u a t i o n  1 i n  t e x t )  and assuming d S x c  i s  
1 = 2 . 3 4  X 10-6 Vc 3/2 (B-24) 
There fore  
and  
The p e r c e n t a g e  change i n  c u r r e n t  i s  a b o u t  t w i c e  t h e  p e r c e n t a g e  change 
i n  e m i t t e r - c o l l e c t o r  d i s t a n c e .  
El-5 E r r a r  A n a l y s i s  - C u r r e n t  Dens i ty  Dependence on C o l l e c t o r  Work 
Func t ion, 
Usinq Equa t ions  B21 and B24 above,  t h e  s p a c e  c h a r g e  c u r r e n t  
becomes 
Then d i f f e r e n t i a t i n g  
and 
The  p e r c e n t a g e  change i n  c u r r e n t  i s  a b o u t  1 . 5  t i m e s  t h e  p e r -  
c e n t a g e  change i n  c o l l e c t o r  work f u n c t i o n  r e f e r e n c e d  t o  t h e  d i o d e  
driving p o t e n t i a l  Vc. 
1 6 4  
B . 6  E r r o r  A n a l y s i s  - C u r r e n t  Dens i ty  Dependence on Applied Voltage .  
Usinq t h e  same t e c h n i q u e  a s  i n  B . 5  above 
and 
The p e r c e n t a g e  change i n  c u r r e n t  i s  abou t  1.5 t i m e s  t h e  
p e r c e n t a g e  change i n  a p p l i e d  v o l t a g e  r e f e r e n c e d  t o  t h e  diode driving 
p o t e n t i a l  Vc. 
APPENDIX C 
PF.ESSUFE TFANSDUCER TEST PROGRAM. 
T h e  test program w i l l  e s t a b l i s h  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  
of the SO p s i a  p r e s s u r e  t r a n s d u c e r  developed under  c o n t r a c t  
NAS 3-4170. The t r a n s d u c e r  ambient  t e m p e r a t u r e  r anqe  w i l l  be 
1000-1600°F .  
GENERAL 
The t r a n s d u c e r s  w i l l  he p r e s s u r i z e d  w i t h  h i q h - p u r i t y  argon.  
Transducer t e s t  p r e s s u r e s  w i l l  be moni tored  bv a  room tempera- 
t u r e  t r a n s d u c i n g  c e l l  ( a c c u r a c y  b e t t e r  t h a n  0.2% o f  f u l l  s c a l e ) .  
The t r a n s d u c e r  o u t p u t  s i q n a l  (0-5 v o l t s )  w i l l  be  o b t a i n e d  from 
t h e  t r a n s d u c e r  e l e c t r i c a l  s i g n a l  c o n d i t i o n i n s  system. T e s t  p r e s -  
s u r e  and t r a n s d u c e r  o u t p u t  d a t a  w i l l  be c o r r e l a t e d  by a n  X-Y re- 
c o r d e r  ( a c c u r a c v  of 0.2% o f  f u l l  s c a l e ) .  The t r a n s d u c e r  ambient  
temperature ' w i l l  be mnni tored  by a  W-5Re/W-26Re thermocouple 
ix the vacuum t e s t  chamber and a d j a c e n t  t o  t h e  t r a n s d u c e r  hous ing .  
PRE-TEST PROCEDURES 
The  p r e - t e s t  p r o c e d u r e s  a r e  i n t e n d e d  t o  e s t a b l i s h  t h e  p r o p e r  oper-  
a t i n g  c o n d i t i o n s  f o r  t h e  t h e r m i o n i c  d iode  s e n s o r .  P r i o r  t o  i n s t a l -  
l a t i o n  OF t h e  s e n s o r ,  t h e  t r a n s d u c e r  i s  i n s t a l l e d  i n  t h e  vacuum 
test chamber f o r  s t r e s s - r e l i e f  e x e r c i s i n g  o f  t h e  p r e s s u r e  c a p s u l e .  
The chamber t e m p e r a t u r e  i s  r a i s e d  t o  1800°F and t h e  p r e s s u r e  i s  
n o t  allowed t o  exceed 5 x  10-6 t o r r .  The p r e s s u r e  c a ~ s u l e  i s  e x e r -  
c i s e d  for 100 hours  u s i n g  two modes; manual c y c l i n g  (vacuum-ful l  
s c a l e  p r e s s u r e )  once  an hour and a u t o m a t i c  c v c l i n g  (vacuum- f u l l  
166 
s c a l e  p r e s s u r e )  e v e r v  t h r e e  minu tes .  F u l l  s c a l e  p r e s s u r e  i s  8 0  
p s i a .  Fol lowinq e x e r c i s i n g ,  t h e  t r a n s d u c e r  i s  removed f r o m  t h e  
t e s t  chamber f o r  i n s t a l l a t i o n  o f  t h e  s e n s o r .  
1. P r e - a c t i v a t e  t h e  e m i t t e r s ,  a f t e r  i n s t a l l a t i o n  i n  t h e  moly- 
bdenum e m i t t e r  hous ing ,  i n  vacuum ( a b o u t  t o r r )  a t  22800F 
f o r  25 minu tes .  The e m i t t e r  hous inq w i l l  be mounted on i t s  c e r -  
amic b a s e  and t h e  l e a d  w i r e s  preformed th rouqh  t h e  ceramic, 
During p r e - a c t i v a t i o n ,  t h e  e m i t t e r  hous inq i s  se t  about 1/8 
i n c h  o f f  t h e  ce ramic  b a s e  and a  molybdenum shim i s  i n s e r t e d  
between t h e  r e f e r e n c e  emitter  and c o l l e c t o r .  
2 .  Assemble t h e  t h e r m i o n i c  d i o d e  s e n s o r  by f a s t e n i n g  t h e  e m i t t e r  
hous inq down on t h e  ceramic  base .  I n s t a l l  t h e  s e n s o r  i n  the 
t r a n s d u c e r  and ad-just t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  t o  about 
0.006 i n c h .  
3 .  I n s t a l l  t h e  t r a n s d u c e r  i n  a vacuum t e s t  chamber. Raise t h e  
t e s t  chamber t e m p e r a t u r e  u n t i l  t h e  thermocouple i n d i c a t e s  a 
t r a n s d u c e r  ambient  t e m p e r a t u r e  o f  1800°P. The chamber p r e s -  
s u r e  shou ld  n o t  be a l lowed t o  exceed 5 x t o r r .  
4 .  Energ ize  t h e  s e n s o r  h e a t e r  and r a i s e  t h e  e m i t t e r  t e m p e r a t u r e  
t o  2280°F a s  measured by t h e  W-5Re/W-26Re thermocounle i n -  
s t a l l e d  on t h e  emitter  hous ing .  Apply 1 0  v o l t s  t o  t h e  dio2.e 
t o  draw a c t i v e  and r e f e r e n c e  c o l l e c t o r  c u r r e n t s .  For a n  
e m i t t e r - c o l l e c t o r  d i s t a n c e  o f  abou t  0.006 i n c h ,  t h e  c u r r e n t  
l e v e l  i s  40 m i l l i - a m p e r e s  minimum. Main ta in  s e n s o r  ope ratio^ 
a t  2280°F e m i t t e r  t e m p e r a t u r e  and 1 0  v o l t s  f o r  1 5  m i n u t e s ,  
a f t e r  which lower  t h e  e m i t t e r  t e m p e r a t u r e  t o  i t s  oi3erat ing Level 
5, Connect t h e  t r ansduce r  s i g n a l  cond i t i on ing  system and d e t e r -  
mine t h e  'diode space-charge c h a r a c t e r i s t i c s  by measurinq t h e  a c t i v e  
and r e f e rence  c o l l e c t o r  c u r r e n t s  a s  a  func t ion  of  increased  
voltage. Vary t h e  vo l t age  from 0 t o  15 v o l t s  and,  us ing t h e  
X-Y r e c o r d e r ,  p l o t  t h e  r e s u l t s  on c a r t e s i a n  coo rd ina t e s  wi th  
e m i t t e r - c o l l e c t o r  d i s t a n c e  a s  a  parameter r e l a t e d  throuqh 
t h e o r e t i c a l  s ~ a c e - c h a r q e  formulae. Using t h e  space-charge 
plots, determine t h e  a c t i v e  c o l l e c t o r  and r e f e rence  c o l l e c t o r  
d i s t a n c e s .  Also determine whether anv emiss ion l i m i t i n g  e f -  
f e c t s  (poisoning)  occur a t  app l i ed  v o l t a g e s  up t o  15 v o l t s .  
This poisoning e f f e c t  shows up a s  a  l i m i t  on t h e  c u r r e n t  t h a t  
may be drawn from t h e  e m i t t e r .  A s  t h e  v o l t a q e  i s  inc reased  
t h e  c u r r e n t  no t  on lv  d o e s n ' t  i n c r e a s e ,  b u t  may even decrease .  
S i n c e  t h e  thermionic  s enso r  must o p e r a t e  i n  t h e  space-charqe 
l i m i t e d  r eq ion ,  any emiss ion- l imited cond i t i on  w i l l  i n t roduce  
e r r o r  i n t o  t h e  ou tpu t  s i g n a l  and must be avoided.  
6 ,  The 1800°F space-charge c h a r a c t e r i s t i c s  should i n d i c a t e  t h a t  t h e  
active and r e f e rence  c o l l e c t o r  d i s t a n c e s  a r e  about equal  (wi th in  
-001 inch). I f  n o t ,  remove t h e  t r ansduce r  from t h e  t e s t  chamber, 
install a  new p re -ac t iva t ed  thermionic  d iode  senso r  and re -  
adjust t h e  a c t i v e  c o l l e c t o r  d i s t a n c e  so  t h a t  it i s  equa l  t o  
t h e  r e f e rence  c o l l e c t o r  d i s t a n c e  a s  determined by t h e  space- 
charge d a t a .  I n s t a l l  t h e  t r ansduce r  i n  t h e  t e s t  chamber and 
perform t h e  p r e - t e s t  procedures  l ead inn  t o  t h e  space-charge t e s t s  
o f  (5) above t o  determine t h e  a c t i v e  c o l l e c t o r  and r e f e rence  
distances. Repeat the procedure until the active collector 
and reference collector distances are shown to be ahout eauai 
N (ia = ir) by the space-charge data. 
7. Continue 1800°F operation with about 10 volts applied to the 
diode until steady-state operation has been achieved, This 
condition will be reached when no further increases are noticed, 
with time, in the active and/or reference collector currenes, 
The currents should be stable for at least twelve hours, Durinq 
this period, space-charge data should be collected ( 5 )  above to 
monitor operation of the emitters. 
8. When the 1800°F space-charge characteristics indicate that 
steady-state emission has been achieved and the active and 
CV 
reference distances are about equal, so that ia = i,, obtain 
a set of pressure-output data by varyinq the transducer pressur- 
ization from zero to full scale and back to zero. Full scale  
pressure is 80 psia. The signal conditioning system should be 
adjusted for zero pressure output and a full scale output of 
about 5 volts. The pressure-output data will he used to cor- 
relate the data obtained during the main nart of the test 
program. 
TEST PROGRAM 
1. Following emitter activation and adjustment of the active 
collector distance (if necessarv), the transducer is ready for 
the main part of the test program. Durinq testinq, the basic 
ambient temperature will be set at 1600°F and the test chamber 
pressure should not be allowed to exceed torr. 
2, Vary t h e  t r a n s d u c e r  n r e s s u r i z a t i o n  from z e r o  t o  f u l l  s c a l e  
and back t o  ze ro .  F u l l  s c a l e  p r e s s u r e  i s  80 p s i a .  Monitor  
t h e  p r e s s u r e  and t r a n s d u c e r  o u t p u t  w i t h  t h e  X-Y r e c o r d e r .  
From t h e  t e s t  r e s u l t s ,  e v a l u a t e  t h e  t r a n s d u c e r  a c c u r a c y ,  i n -  
c l u d i n g  t h e  e f f e c t s  of  l i n e a r i t y ,  h y s t e r e s i s ,  s e n s i t i v i t y ,  z e r o  
s h i f t  and r e w e a t a b i l i t v ,  by comparing t h e d p r e s s u r e - o u t p u t  
c h a r a c t e r i s t i c s  w i t h  a  C 5% enve lope  drawn around a  0-5 v o l t s  
- 
f u l l - s c a l e  l i n e a r  r e sponse .  
3, Repeat ( 2 )  above a t  c a p s u l e  t e m p e r a t u r e s  o f  1400,  1200,  1000,  
1 2 0 0 ,  1 4 0 0  and 1600. I n  a d d i t i o n  t o  t r a n s d u c e r  a c c u r a c y ,  e v a l u a t e  
the zero s h i f t  due t o  c a p s u l e  t e m ~ e r a t u r e  change. 
4, Using a  s o l e n o i d  owera ted  v a l v e  t o  s w i t c h  t h e  t r a n s d u c e r  from 
t h e  argon p r e s s u r i z a t i o n  l i n e  t o  t h e  vacuum l i n e ,  p r e s s u r e  c y c l e  
( v a e u m - - f u l l  s c a l e  pressure-vacuum) t h e  t r a n s d u c e r  once e v e r y  
t h r e e  minu tes .  For  t h e  2000 hour  l i f e  t e s t  program, c o n t i n u e  
t h e  p r e s s u r e  c v c l i n g  f o r  400 hours .  The t r a n s d u c e r  i s  c y c l e d  
between 0-80 p s i a .  Perform p r e s s u r e - o u t p u t  s p o t  checks  d u r i n g  
t h e  test u s i n q  t h e  X-Y r e c o r d e r .  E v a l u a t e  t h e  t r a n s d u c e r  accuracy  
a s  a f u n c t i o n . o f  t e s t  t i m e .  
5- Repeat s t e p s  2 ,  3 and 4 above f i v e  t i m e s  f o r  t h e  2000 hour  l i f e  
test program. 
6, During t h e  2000 hour  t e s t ,  e s t a b l i s h  a n  ambient  t e m p e r a t u r e  o f  
l R O O ° F  once d u r i n g  e a c h  100 hours  o f  t e s t i n g  and o b t a i n  p r e s s u r e -  
output f o r  t h i s  c o n d i t i o n .  Compare t h e  d a t a  o b t a i n e d  a t  1800°F 
with t h a t  o b t a i n e d  a t  t h e  o t h e r  t e s t  t e m p e r a t u r e s .  
F i g u r e  b 
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/ Equation 2 
Figure 2 
Current-Voltage Relation at Constant Temperature 
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Figure 7 
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FIGURE 25 
C-129Y PRESSURE-DEFLECT I ON 1 400°F 
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FIGURE 26 
C -1 291 PRESSURE-DEF LECT I ON, 1 600°F 
FIGURE 27 
C-1291 PRESSURE-DEFLECT I ON, 1 800°F 
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F I G U R E  28 
C-*i291 PRESSURE-DEFLECTION, ROOM TEMPERATURE 
FIGURE 29 
C -1 29Y PRESSURE-DEFLECT I ON, 500°F 
FIGURE 30 
6 - 1  291 PRESSURE-DEFLECT I ON, 1 OOO°F 
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FIGURE 31 
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F I GURE 32 
C-129Y YRESSURE-DEFLECTION, 1 4 0 0 ° F  
FIGURE 33 
FIGURE 34 
C-I291 PRESSURE-DEFLECTION, 1800°F 
PRESSURE (PS L A) 
FIGURE 35 
FS-85 PRESSURE-DEFLECTION, ROOM TEMPERATURE 
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FIGURE 36 
FS-85 PRESSURE-DEFLECTION, 5QQ°F 
FIGURE 37 
FS-85 PRESSURE-DEFLECTION, 1000eF 
FIGURE 38 
FS-85 PRESSURE-DEFLECTION, 1200°F 
PRESSURE (Ps I A) 
FIGURE 39 
FS-85 PRESSURE-DEFLECTION, 1400°F 
PRESSURE (PSI A) 
FIGURE 40 
FS-85 PRESSURE-DEFLECTION, 1600°F 
FIGURE 4 1  
F S - 8 5  PRESSURE-DEFLECTION, 1 8 0 0 ° F  
FIGURE 42 
F5-85 PRESSURE-DEFLECT I ON, ROOM TEMPERATURE 
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FS-85 PRESSURE-DEFLECTION, 500°F 
F l GURE 44 
FS-85 PRESSURE-DEFLECT I O K ,  1000°F 
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FIGURE 45 
FS-85 PRESSURE-DEFLECT1 ON, 1 200°F 
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FIGURE 47 
FS-35 PRESSURE-DEFLECTION, 1600°F 
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FIGURE 48 
FS--85 PRESSURE-DEFLECT I ON, 1 800°F 
F l  GURE 49 
FS-85 PRESSURE-DEFLECTION. ROOM TEMPERdTURE 
FIGURE 50 
FS-85 PRESSURE-DEFLECTION, SOO°F 

FIGURE 52 
FS-85 PRESSURE-DEFLECTION, 140O0F 

FIGURE 54 
T-222 PRESSURE-DEFLECTION, ROOM TEMPERATURE 
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FIGURE 55 
T-222 PRESSURE-DEFLECTION, 500.F 
FIGURE 56 
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FIGURE 57 
T-222  PRESSURE-DEFLECTION, 1200°F  
FIGURE 58 
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F l  GURE 59 
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FIGURE 60 
T-222 PRESSURE-DEFLECTION, IBOO'F 
FIGURE 61 
T-222 PRESSURE-DEFLECTION, ROOM TENPERITURE 
FIGURE 62 
T-222 PRESSURE-DEFLECTION, S0O0F 
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T-222 PRESSURE-DEFLECTION, 1000'F 
F l GURE 64 
T-222 PHtSSURE-DEFLECT I ON, 1 200°F 
FIGURE 65 
1-222 PRESSURE-DEFLECT I Otd, 1400.F 
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F 1 GURE 66 
T-222 PRESSURE-DEFLECTION, 1600.F 
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f IGURE 67 
T-222 PRESSURE-DEFLECTION, 1800'F 
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FIGURE- 68 
W-25Re PRESSURE-DEFLECTION, ROOM TEMPERATURE 
FIGURE Bg 
W-25Re PRESSURE-DEFLECT I ON, 500°F 
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FIGURE 70 
W-25Re PRESSURE-DEFLECT I ON, 1 OOO°F 
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FIGURE 71 
W-25Re PRESSURE-DEFLECTION, 1200°F 
FIGURE 72 
W -25Re PRESSURE-DEFLECT I ON, 1400°F 
FIGURE 73 
W-25Re PRESSURE-DEFLECT I ON, 1 600°F 
PRE §SURE (~5b A) 
FIGURE 74 
W-25Re PRESSURE-DEFLECT I ON, 1 800°F 
FIGURE 75 
W-25Re PRESSURE-DEFLECT I ON, ROOf4 TEI'fPERATURE 
FIGURE 76 
W-25Re PRESSURE-DEFLECTION, SOO°F 
PRE5SURE (PS~R) 
FIGURE 77 
W-25Re PRESSURE-DEFLECT I ON, l OOO'F 
FIGURE 78 
W-ZSRe PRESSURE-DEFLECTION, 1200BF 
F l  GURE 7, 
W-25Re PRESSURE-DEFLECTION, 140Q°F 
FIGURE 80 
W-2SRe PRESSURE-DEFLECTION, lbOO°F 
FIGURE 81 
W-25Re PRESSURE-DEFLECTION, 1800°F  
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F l  GURE 82 
W-25Re PRESSURE-DEFLECTION, ROOM TEMPERATURE 
FIGURE 83 
U-25Re PRESSURE-DEFLECT I ON, 500°F 
FIGURE 84 
W-25Re PRESSURE-DEFLECTION, 1000°F 
PRE55uRE (PSI A) 
FIGURE 85 
W-25Re PRESSURE-DEFLECT I ON, 1 28O0F 
~ ~ ~ s s c l l ; ? ~  ( P ~ L A )  
FIGURE 86 
W-25Re PRESSURE-DEFLECTION, 1400eF 
FIGURE 87 
W-25Re PRESSURE-DEFLECT I ON, 1600'F 
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FIGURE 89 
C-1291 FINAL T l M E  TEST PROCEDURE 
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F l GURE go 
FS-85 FINAL T I M E  TEST PROCEDURE 
TEMPERA~E (EG. F.) 
FIGURE 91 
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FIGURE 92 
FS-85 FULL SCALE DEFLECTION-TEMPERATURE CURVES 
FIGURE 93 
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TEMPERATURE (~€4. F.) 
FIGURE 94 
W-25Re FULL SCALE DEFLECT1 ON-TEMPERATURE CURVES 
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FIGURE 98 
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Figure 103 
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Figure 104 
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- 
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FIGURE 
Terminal compatibility capsule in "as sectioned" condition 
after Lest  with one terminal in place, (Full Scale) 
C-129P compatibelity capsule in "as sectionedH ccandfti 
after test, (Full Scale) 
FS-85 eompalibilfty capsule i j n  "as seeliosnedt?eandition 
after  test, (full scale) 
T-,222 compatibility capsule f n  "as sectioned'$ cconditiclxa after 
test, (Full Scale) 
FIGUI.EE 136 
W-25 R e  c o m p a t i b i l i t y  capsule i n  XPas e c t i o n e d "  
(rzondition af Ler t e s t .  (Ful l  Scale) 
FIGURE 137 
Lower portion of Terminal compatibility capsule in "a.s sect ionedvv 
condition after test with terminal removed. 
FIGURE 138 
Electrical Terminals with lower end caps removed after 
test, (3X Magnification) 
FIGURE 139 
Photograph of C-129Y compatibility capsule after test with 
yoke removed. (3X Magnification) 
FIGURE 140 
~ b o t o ~ r i ~ h  of FS-85 compatibility capsule  after test 
with yoke removed. (3X Magnification) 
Photograph of T-222 campaLibiLfty capsule after Lest  
with yoke removed, (3X Magnification) 
FIGURE 142 
Photograph of W-25 Re compatibility capsule after t e s t  
with yoke removed. ( 3 X  Magnification) 
Phil :,l:iaicrograph sf C-129Y con%palj bility e x p  
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FIGURE 14p, 
E'S-85 6tompalfbi1fty capsule after test. 
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to FS-85 tube ,  and portion or opposite 
&iio~oxnicrograph of T-222 compatibility capsule  a f t e r  i j s i  . 
(25X magnification) Section shows electron-beam weld chf 
T--222 diaphragm to FS-85 tube  and portion of opposite 
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(25X magnification) Section shows electron-beam weld of W-25 
Re diaphragm to MQD-50 Re tube andposliogo of opposite diaphragm. 
Intergranular crack in T-222 c o n ~ p a t i b i l i t y  capsule at 
o f  boss in center of diapltragm, (25X magnification) 
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